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FOREWORD

This final technical data report is submitted to the

NASA Langley Research Center by the AiResearch Manufacturing

Company_ Los Angeles_ California. The document was prepared

in accordance with the guidelines established by paragraph

5.7.3.2.2 of NASA Statement of Work L-4947-B (Revised).

The document in hand presents a detailed technical dis-

cussion of the Structures and Cooling development for the

period of 3 February 1967 through 31 May 1971j and represents

a summation of the work previously reported in the quarterly

interim technical data reports for the Cooling and Structures

Development generated under the Hypersonic Research Engine

Project.
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I. SUMMARY AND CONCLUSIONS

This report summarizes the structures and cooling development effort on

the Hypersonic Research Engine Project. The objective of this development

was the design and fabrication of a research-scale_ regeneratively cooled

engine structural system to provide the geometric and surface controls

required for the aerothermochemical processes involved in supersonic combus-

tion. The structure had to withstand the environment of Mach 8 flight for

I00 missions. A combination of (I) the reliability required for flight on a

manned carrier aircraft_ (2) the environmental conditions, (3) weight Iimita-

tions_ and (4) cycle life required_ all contributed to make the structural and

thermal control design of this engine a very challenging task. Considerable

extensions in technology in the areas of materials application_ structural de-

sign 3 and fabrication were required. Where these special extensions arose 2 tests

were conducted to provide the needed data. Techniques were then developed to

satisfy design requirements and improve design capability. This report describes

this experience and discusses the specific design problems in detail.

I.I PROGRAM SUMMARY

The original project plan for the overall program comprises three principal
phases.

(1) In Phase I_ work was undertaken to create a concept, develop a

preliminary desig_and plan the follow-on development of the

actual hypersonic research engine hardware.

(2) Phase II, as originally planned, was to cover the research and

development for the engine concept, fabrication_ testing, and

qualification for flight use in the manned carrying vehicle.

The work described in this report was performed as part of this
phase.

(3) Phase III was planned as a flight experimentation program in which

the engine, airborne on the X-15A-2 research airplane, would be

tested in actual flight at Mach 8.

Contract work on Phase II began in February 1967. A year later the X-15

program was phased outj necessitating adjustments to the project plan and

scope. These adjustments were effected without detriment to achievement of

the basic project objectives. In terms of the structures and cooling develop-

ment, the structural evaluation was redirected toward Mach 7 true-temperature

testing in the Langley Research Center's High Temperature Structures Tunnel.

An assembly of the structural components (the Structures Assembly Model, SAM) 3

as the final act in structural development, reflects the design concepts
evolved for the flight engine.

_ AIRESEARCH MANUFACTURING COMPANY
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The configuration used in the SAM is a plate-fin monocoque structure

with local stiffening as required to resist buckling. The stiffening rings

double as fuel injection manifolds. The SAM is hydrogen cooled except for a

water-cooled cowling outer surface which is part of the wind tunnel installa-

tion. A hydrau]ic actuator was incorporated in the design to provide for

positioning of the variable geometry inlet. Since the vitiation heated SAM

test faci]ity lacked the oxygen replenishment for testing with combustion,

the model was fitted with only the first of the several rows of fuel injectors
which would be fitted to an operational engine.

The SAM was successfully tested at a nominal Mach 7 true temperature and

altitude at Langley Research Center's 8-ft High Temperature Structures Tunnel.

As far as is known, the SAM tests were conducted at the highest temperature and

pressure of any engine structural test to date. In the SAM_ as a complete

engine, are reproduced the aerodynamic interferences which cause uneven heating

and thermal expansions which give rise to structural interactions. During the
tests, metal temperature differences up to 1300°F were obtained. The metal

temperatures ranged to 1400°F. A total of 30 minutes of operation and 60

operating cycles was imposed on the SAM at tunnel total conditions up to 3400°R
and 3300 psia.

The operating conditions and design requirements used in structures and

cooling development make reference to operation at both Mach 8 freestream and

local, and to Mach 8 freestream, Mach 6.5 local. The Mach 8 freestream,

Mach 6.5 local condition is associated with operation of the HRE on the X-15

airplane. As part of the program restructuring, following retirement of the

flight test vehicle, operating peculiarities associated with the vehicle were

generally deleted from the program. Since extensive analyses had been per-

formed prior to this, some of the results are included in the following dis-

cussions. In addition, analyses related to operation of the SAM in the wind

tunnel are presented.

Investigations in certain areas specifically associated with development

of a flight engine for use on the X-IS test vehicle were stopped following

retirement of the vehicle. In particular, efforts aimed at qualification for

flight of components and assemblies were discontinued. Specific areas

of investigation affected are component flow tests; vibration testing;

ablatively cooled cowl design_ fabrication, and testing; and inlet spike

actuator development as a self-contained engine subsystem. The design and

fabrication of flow test adapters for use in the component flow tests is

described in the report. Analyses in support of engine vibration performance

and testing are also reported_ as is the design of a vibration test fixture

and engine vibration model. Only preliminary analyses of the ablatively

cooled cowl were performed when efforts were discontinued. The actuator system

was completed as a flight system, development tested, and used in the SAM.

Those features of the actuator which made it a self-contained subsystem were

not evaluated; rather3 the actuator was developed and used with external

hydraulic power. Reference to both actuator systems will be found in this

report.
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Thls report describes in considerable detail various development tests

performed in support of fiightweight engine and SAM design and fabrication.
The plate-fin structures were tested on a sub-element basis to evaluate

pressure containment strength and thermal fatigue performance at the high
design operating temperatures. Support struts and models of the outer body

leading edge were tested for thermal performance_ flow distribution, and

thermal fatigue to verify the design. Finally_ a series of pressure drop and
flow distribution tests were run on the full-scale shell components.

I.2 CONCLUSIONS

The tests of the SAM in the NASA Langley 8-ft High Temperature Structures

Tunnel were the culmination of the cooling and structures development effort

on the program. Features previously investigated on a detail basis were

assessed in an integrated system. The overal] conclusion of thls assessment

is that the capability existsj by appropriate design_ to cope with non-

linearities and other pecu]iarities inherent in a total engine structure. The

basic design concepts and approaches used in the HRE were Found to be valid.

The cooled structure proved to be rugged and capable of sustaining considerable
abuse without degradation of performance.

1.2.1 Analysis and OesioLn

The cooling and structures development effort described in thls report

shows contributions in the area of transient response analyses of cooled

structures, low cycle fatigue analysis and test_ and the approach to thermal

simulation of the complex aerothermodynamics that occur in the engine. The

problem of low cycle fatigue in intensely heated structures is critical in

any cooled hypersonic structure and the basic determinant in establishing

operating life. Analytical techniques were modified by empirical data and

found to be valid as applied to the engine structure. Since no thermal fatigue

failures were encountered in the SAM tests and only a single engine was tested_

verification of the analysis approach is limited to the extent of the test

cycle imposed and to the conclusions drawn from the subelement tests reported
here.

1.2.2 Manufacture

In the area of manufacturing_ the fabrication of the cooled sandwich

shells was a basic requirement. It has been shown by the program and by the

test results that the manufacture of the plate-fin sandwich structure for use

under conditions of high pressure, high temperature, and high applied loads

is feasible. The shells can be sized to precise dimensions and brazed with

high reliability. Testing methods were developed which permitted non-

destructive testing of the brazed shells and a simple evaluation of the results.

Specifically, brittle lacquer techniques were used to indicate braze voids for

highly stressed areas. The specific geometry of the englne_ whether axisym-

metric or two-dimensional_ is not basic to the applicability of the manufacture

and test techniques used with this structure. Rather_ the experience gained

in thls area is broadly applicable to future development of hypersonic struc-

tures. Specific areas within this broad category are applicable to other types

of structures as well. In particular_ results for brazing as they relate to

the capabilities of as-fabricated structures are extendible.
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1.2.3 Special Features

Once the basic structural problems have been solved in terms of analyses,

design, and manufacture, any ramjet structure will involve a number of specific
features which require special treatment. Clearly, fuel injection is basic

to an engine. The design and installation of the fuel injectors used in the

SAM are specific to the plate-fin type of structure. When the general problem
of fuel injection is considered, the use of nozzles in a plate-fin structure

may be considered as applicable to other basic structural concepts, as a ]oca|

solution. Support struts are required in most engine configurations. The

struts are highly loaded structural components and are subjected to severe.
thermal loads if located downstream of the fuel injectors. Conditions here
can range to gas temperatures of 5800°R and provide heat fluxes on the strut

leading edges of 1800 Btu/sec-ft 2. The successful solution to the problem

that was developed as part of this program is certainly applicable to any

ramjet engine and adaptable to a considerable range of strut configurations.

The cowl leading edge evaluated on a model basis and used in the SAM

proved rugged and exhibited entirely satisfactory performance in the tests. It

has a regeneratively cooled tip of O.030-inch radius. The design capability
extends to shock-on-lip operation at Mach 8 and a freestream dynamic of

18OO psf. Heat fluxes of 12OO Btu/sec-ft 2 and localized fluxes of I0,000 Btu/sec-

ft 2 are predicted for these conditions. The capability of this design provides

the potential in any future application for achieving good aerodynamic perfor-

mance and extended life for the cowl leading edge. It has successfully absorbed

foreign object damage, including perforations, without impairment of operation.

Other areas of design and fabrication of particular interest include

the following:

(i) A working design for joining shells that avoids discontinuities

in the aerodynamic surface. Thls is important not only for

aerodynamic performance but also for temperature control of the
structure.

(s)

(3)

(4)

(s)

A working design for a panel which can handle nonuniform heating,

accidental obstructions, and yield stable operation of parallel

cooling circuits.

The ability to introduce inserts into the cooling flow passages

without degradation of the cooling. This is a consideration for

both fuel injection and for the use of static pressure and tempera-

ture instrumentation in the engine.

The design of struts and the installation of the struts in a manner

that avoids large thermal gradients which could lead to unaccept-

able structural degradation.

Integral design for manifold and stiffeners which reduces thermal

stress and weight. This is also a necessary consideration.in the

design of shell joints to avoid discontinuities in the surface.
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2. PROBLEM STATEMENT

The objective of the structures and cooling development program was to

analyze_ design_ and fabricate the regeneratively cooled surfaces and their

associated structures and to verify the performance of these surfaces and

structures at conditions that simulate the operating conditions expected in

a flight test engine.

The Hypersonic Research Engine requires regenerative cooling on all sur-

faces that contact the engine airstream. The use of ablative coating on the

engine aerodynamic surfaces was barred by the Statement of Work to minimize

extraneous effects on engine performance. No such restriction was imposed

on the engine cowl; therefore_ ablative protection was planned for this com-

ponent.

The characteristic design problem in regeneratively cooled structures

for this type of application is associated with the large heat fluxes en-

countered over major portions of the engine surfaces. These heat fluxes

range from values of approximately IO Btu/sec-ft 2 to 1800 Btu/sec-ft 2 on the

stagnation line of the support strut leading edge. The conservation of fuel

requires that these heat fluxes be accommodated at temperature differences

across the regeneratively cooled surfaces which range up to approximately

800°F in flat surfaces and 1200°F in leading-edge areas. These temperature

differences_ in turn 3 result in strains that cause plastic deformation of the

hot surfaces. Design_ therefore_ is governed by low-cycle fatigue conditions.

Uncertainties associated with the prediction of low-cycle fatigue performance

have led to emphasis on its evaluation in the experimental portions of the

program.

The general performance objectives that were set for the cooled structures
are as follows:

Desiqn life - I0 hr of hot operation_ of which 3 hr are

at Math 7 to 8 flight conditions

Cycle life - I00 cycles_ at conditions which produce the highest

plastic strain

AIRESEARCHMANUFACTURINGCOMPANYUNCLASSIFIED
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,.3. TOPICAL BACKGROUND

The cooled structures_ which were designed_ fabrlcated_ and tested as

part of this task_ and the associated connecting structures constitute the

basic structural elements of the engine• The cooled surfaces of these struc-

tures also form the aerodynamic surfaces of the englne_ as shown in Figure

3.-I. The design of the cooled structures required the consideration of all

aspects of the HRE design and its subsystems_ as well as the interfaces with

the aircraft to which it would be attached. These constraints were generally

retained even though the flight test portion of the program was deleted. Many

of the design Features had been established at that time_ while others were

basic to the engine design. Some of the more important design constraints
are presented below.

3.1 GENERAL DESIGN GUIDELINES

The following guidelines reflect the broad interactions involved in de-

sign of the cooled structures.

I • The regeneratively cooled surfaces must be designed and fabri-

cated to minimize engine performance losses. In addition to

providing the basic contours_ the coo]ed surfaces must be fabri-

cated and assembled in a way that avoids discontinuities; lead-

ing edges must use the minimum radius compatlble with reliable

structural design.

• Because of the research nature of the HRE program_ temperatures

and pressures must be measured throughout the engine. Consequently_
the engine structures must accommodate static pressure taps and

metal temperature thermocouples.

o The total amount of Fuel available to the engine in flight and

For cooling of its structure must be limited to the storage

capabilities of the aircraft to which it is attached. Conse-

quently_ in cooling the structurej Fuel usage in excess of com-

bustion requirements must be minimized. To accomplish this goalj

the cooled surfaces must function at maximum metal temperatures

and temperature differences compatible wlth sound structural

design.

Engine internal structures and plumbing must be designed to

a11ow space For installing fuel system components 3 engine con-

trols_ instrumentation transducers_ and signal conditioning

equipment. Because of operating Iimltationsj electronic equip-

ment must be installed in locations having the least severe
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environment. In addltion_ the instrumentation, controls_and

fuel subsystems contained in the engine cavity will require

servicing prior to and after each test. Consequently, the

mechanical assembly of the engine cooled-structure components

must provide easy access to subsystem components for replace-
ment in the field.

To permit the engine to operate over the flight Mach number

range from 3 to 8_ the inlet spike must be translated to

various positions. To conserve coolant prior to and after

engine operatlon_ the inlet spike must be translated to a

position nearly in contact with the outerbody leading edge.

Consequently_ it is necessary to have a spike actuation system

capable of the desired positioning accuracyj with control pro-
vided by the control system computer.

Engine fuel pressurization is provided by a hydrogen turbopump.

Therefore_ the total pressure drop in the regeneratively cooled

surfaces_ manifolds_ and associated plumbing must be compatible

wlth the pressure output of the turbopump.

In addition to control of temperatures and temperature differ-

ences, the integrity of the cooled structures requires that the

flow routes within the engine be matched in such a way as to

minimize temperature differences at axial stations for inner-

body and outerbody surfaces. This will minimize distortion of

the engine internal passages. Axial temperature discontinui-

ties in a single surface as produced_ for example_ by the ter-

mination of two flow routes that differ greatly in temperature

at the same station_ are objectionable because of the severe

thermal strains that result.

Engine internal thrust must be measured during operation. Con-
sequently_ external loads (drag and lift) that are transmitted

directly to the thrust-measuring device must be minimized.

Speclficallyj the engine cowl has drag loads that are of the

same order of magnitude as the engine thrust. Mounting of the

cowl in such a way as to minimize this external drag load and_

thus_ the uncertainties in calculation of thrust is_ therefore_
required.

A basic engine design requirement is that malfunction of the

engine in flight will not endanger the safety of the aircraft

to which it is attached or the life of its pilot. Therefore_

provision must be made to jettison the engine. Because of

probable hydrogen leakage to the engine cavities_ the inner-

body engine cavity must either be inerted or must be capable

of containing an explosive mixture of hot hydrogen and air.

The weight of cooled structuresj inlet spike actuation system

internal supporting structures_ and plumbing is most of the

UNCLASSIFIED
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total engine weight. Although optimization of the structures

and structural components for minimum weight was not an ob-

jective, the specified weight limitation requires careful con-

sideration of structural weight.

3.2 OPERATIONAL BOUNDARIES

Operational boundaries were established on the basis of specific flight

test requirements. These requirements were used to design the cooled struc-
tu res.

3.2.1 Gcnoral Dcsiqn Ground Rqles

The maximum dynamic pressure specified for this phase (IIA) of the pro-

gram was 2000 psf. This compares with the specified dynamic pressure of

2500 psf for the HRE Phase I program. Consequently, the minimum altitude

at Mach 83 during which cooling must be provided 3 is 853000 ft 3 as compared

to the Phase I minimum altitude of 81_000 ft. The minimum design altitude

for the current program is 883000 ft. The increased altitude results in a

reduction of heat flux throughout the engine 3 but this reduction is offset

in part by an increase in engine contraction ratio from IO in Phase I to I_.6

in Phase IIA. In summary 3 the operating envelope for the engine is as fol-
lows:

En(line Structural Desi.cin - With engine either lit or not lit_

dynamic pressure q= = 2000 psf and qL = 3600 psf (Moo = 8, ML = 6.5)

Enqine Coolin_ Desi.qn -

Normal design, engine lit: q= = qL = 1800 psf (M = M L = 8),

h = 88_000 ft minimum

Emergency design_ engine lit: q_ = 2000 psf and qL = 3240 psf

(M : 8, M L = 6.5), h = 85,000 ft minimum

For the emergency-deslgn, engine-lit conditions, all of the pump output pres-

sure is available for coolant pressure drop. The dump valve opens and fuel

injection valves close as the aircraft approaches these conditions from the

normal operating line.
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f 3.2.2 Enqine Op_ratTnq Cycles

A qualitative definition of the engine operating cycles was used to pro-

vide a basis For analyzing heat transfer transients_ evaluating the structural

effect of transient temperature differences_ establishing general control re-

quirements and typical environmental conditionsj and for defining acceptable

operating cycles. The types of missions or conditions the engine was to sur-
vive are as follows:

Case I - Constant M, with aircraft power on, at a constant high q

Cas_ II - Constant M x with aircraft power off_ aircraft diving

Case III- Variable M, expected to involve a change in M of 0.5

during 20-sec engine operating cycle

Case IV - Subsonic-supersonic combustion transition at M = 6

Case V - Inlet unstart 3 with shock expelled

Figure 3.2-I is a qualitative representation of the critical cases. The

common Features, typical For all simulated mlssions_ are numbered on the Figure
and are as follows:

• Launch to M = 3+, during which the engine structure is assumed to go

from a soak at -65°F to a soak at l140°F. No co•ling is required.

At the end of this period_ the helium purge is performed and coolant

flow started through all portions of the cooled structure.

o Approach to test Mach number, inlet closed (leakage flow only), dur-

ing which coolant flow is increased to maintain maximum structure

temperature (cold surface) at II40°F.

• Time for retraction of inlet spike to desired position• The solid

lines assume programmed cooling flow; the dashed line assumes con-

trolled cooling flow based on temperature sensing. The approach

selected will be a function of control system response and actuating

system response. Controlled cooling is preferred.

4. Inlet spike in starting position_ full airflow through the engine_
no combustion.

5. Programmed increase in cooling flow to starting combustion equiva-

lence ratio (@). This @ will be less than the test ¢. Combustion

@ will ramp to test @ (not shown)

6. Combustion terminated and inlet spike being extended to closed

position.

o Inlet closed (leakage flow only)_ deceleration to M = 4+, with

coolant flow decreased to maintain maximum structure temperature

at l140°F. Helium purge.
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As combustion starts_ the cooling _ must be controlled to accommodate

increasing heat fluxes. The variations among missions occurring during the
combustion phase are as follows:

Case I - Shown in Figure 3.2-I. Cooling _ is in excess of combus-

tion _. Combustion ¢ will ramp at beginning and end of test.

Ramps of 5-sec duration to and from ¢ = I may be assumed at be-

ginning and end of test.

Case II - Not shown. Represents a gradual change in conditions shown

for Case I and will involve less severe transients. Not considered

a design point.

Case III- Same comments as Case II_ but may become a design point

at lower Mach numbers because of potential for increased test time

and wider Mach number range.

Cas_ IV - Shown in Figure 3.2-I. Involves a near-step change in

gas-side engine conditions during test run.

Case V - Shown in Figure 3.2-I. The general rise in pressure would

be expected to cause a step-change type increase in heat flux. Spike

will extend and close3 then retract to operating position for sec-

ond attempt at starting. At this point_ either normal operation or

a second unstart is possible.
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4. OVERALL APPROACH

The diverse requirements imposed on the cooled structures required iter-

ation of the cooled structural design with (I) the engine aerodynamic design,

(2) the instrumentation, control, and Fuel subsystems designs 3 and (3) the

airplane interface design. Internal constraints on cooled structural design

are imposed by the close coordination required in thermal design, mechanical

design_ and manufacturing. It is genera11y not possible to treat any one of

these areas independently of the others. During Phase I of the program, the

basic design concepts For the engine were defined. These concepts and the

design data generated during Phase I were used as the starting point For de-

sign of the Phase IIA cooled structures. Component layout drawings of accept-

able mechanical design and with acceptable manufacturing features Formed the

initial step in the iteration. These layout drawings were evaluated to es-

tablish the required thermal and structural design Features and revised to

incorporate the required features.

The general approach to cooled structures development placed heavy empha-

sis on fabrlcation and testing of the Full-scale components. A limited num-
ber of types of cooled structural elements and models was fabricated and tested

to evaluate the problems which are basic to the overall engine deslgnj or
which are sufficlently localized in nature to permit use of subscale evalu-

ation. All significant manufacturing development and evaluation was accom-

plished using the full-scale components, The nature of the required manu-

Facturing operations For the components is such that use of subscale compon-

ents would lead to only limited information on the adequacy of manufacturing
techniques and processes,

4.1 THERMAL DESIGN

The overall thermal design approach used analyses based on experimental

data obtained From tests on similar geometric configurations and heat transfer

situations. These experiment-based analyses, in turn, were verified by ex-

periments where the geometry or fluid conditions_ or both_ were like those

existing For the flight engine.

The basic goals of a11 thermal analyses and designs were (I) limiting

temperature and temperature differences to structurally acceptable valuesj

while keeping hydrogen cooling Flow equal to or less than hydrogen flow re-

quired For combustion, and (2) at the same time maintaining hydrogen pressure

drop compatible with cooling jacket pressure containment and pump outlet

pressure capabilities. The limiting values that were used were (I) a maxi-

mum gas-side metal temperature of 1700°F (2160°R), (2) a maximum primary

structure temperature of l140°F (1600°R)j and (5) a hydrogen pump outlet

pressure of II00 psla.
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The thermal design procedure involved separate calculation of aerodynamic

heating and cooling jacket performance. The aerodynamic heating conditions

were calculated (as during Phase I) primarily by use of the computer program

H1940. Special aerodynamic heating conditlonsj such as shock wave/boundary

layer interaction_ were computed separately. Cooling jacket fin performance

was calculated (as in Phase I) by use of computer program H1930. Special con-

ditions_ such as pressure and flow distributions for inlet 2 outletsj and bolted

flange/manifolds 3 required separate calculations. Verification of aerodynamic

and cooling jacket heat transfer and pressure drop calculations was accomplished

by actual tests of selected components. Flow distribution and associated tem-

perature distribution and its effects on structural performance were an im-

portant consideration and separately evaluated.

4.2 STRUCTURAL DESIGN

The structural design approach utilized a combination of analytical and

experimental methods. Experimental verification of detailed parts 3 such as

short-term burst_ creep-rupture_ and thermal fatigue tests on sandwich plate-

fin elements_ were employed wherever necessary.

The bulk of the HRE structures consists of ring-stiffened orthotropic

shell structures of variable thicknesses and contours. The ring stiffeners

are also used for coolant flow manifolding and fuel injection rings for the

engine combustor section. The structural loadings produce axlsymmetric and

asymmetric forces and moments due to static normal pressures_ acceleratlon_

vibrational inputs_ and aerodynamic flutter and buffeting effects.

Fully operational computer solutions are available to analyze axisymmetric

isotropic thin shells of variable thicknesses and contours for stresses due to

axisymmetric loads and temperature profiles. In addition_ the isotropic shell

analysis has been extended to treat orthotropic cylindrical shells with axi-

symmetric loads. Two MIT finite difference nodal circle solutions (SABOR III

and DASHER I)j which have been adapted for use on the AiResearch computer sys-

tem (IBM-360/SO)7 were available for use.

The SABOR III program is applicable for axisymmetric isotropic shells

(local departures from ideal isotropy can be treated) that may be subjected

to nonsymmetrical static forces. It may also be used to obtain the stiffness

and mass matrixes for direct input into the DASHER I program to obtain dynamic
response.

It would have required an extensive programming effort to modify the

SABOR III and DASHER I programs to treat accurately many of the problems that

were encountered in the HRE. Rather than attempt this approachj a further

survey of existing shell programs determined that an applicable program had

been developed under the auspices of the Analysis Group of the Theoretical

Mechanics Branch_ Structures Divislon 3 Wright-Patterson Air Force Basej Dayton_

Ohio. This program is based upon the improvement in matrix shell solutions

generated by A.Kalnins (Department of Mechanics3 Lehigh University). It solves

the general axisymmetric orthotropic thin shell problem for symmetric and non-

symmetric loads due to static as well as dynamic inputs. The program has been

adapted for use on the AiResearch computer system.
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The objective of the test program was to verify the actual performance

capabilities of the structures as fabricated. Although it was not possible

to predict analytically the influence of realistic fabrication restrictions

and limitations on the end product, the initial analysis served to identify

the serious design problem areas. Results of the test program were then used

to assess the extent of the changes required to achieve the structural integ-
rity goals.

4.3 MECHANICAL DESIGN

The guidelines used in mechanica] design of the co•led structures com-

ponents and assembly of the components into the engine required the use of

known materials and joining techniques. Standard fasteners and seals were

used to the greatest extent possible• Design for brazing was aimed at mini-

mizing the total number of braze cycles to which a given part must be subjected.

7n some cases 3 this was done by redesigning the parts to allow use of pre-

brazed subassembIies_ substitution of machined or welded subassemblies, or

substitution of bolted interfaces. Also_ as a general rule_ all welding into,
or close to, braze joints was avoided.

The mechanical design effort was supported by experimental verification

in selected areas. In particular, selected configurations that presented

analytical problems and raised questions as to manufacturing feasibility were

fabricated and tested on a subscale basis. The purpose of such tests was to

provide design data and guidance for possible design revision. Tests which

were in support of mechanical design, rather than thermal or structural de-

signj included the following:

I • Evaluation of the feasibility of bolting the nozzle flange

manifold to the inner shell through the removable nozzle

cap_ using a mockup of the parts.

• Fabrication of a section of the inlet spike near the spike

tip to help resolve questions regarding the best manufactur-

ing approach 3 and hence_ the best design for this portion of

the inlet spike.

3. Fabrication of a straight section of the bolted nozzle mani-

fold to verify both the manufacturing aspects and structural

integrity of the design solution.

4. Fabrication and evaluation of the various mechanical seals used

in the components to verify the adequacy of the design solution.

• Fabrication of flat panels using the various instrumentation and

fuel injector fittings that penetrate the regenerativelv cooled

surfaces to verify manufacturing feasibility and structural in-

tegrity of the design.

4.4 MANUFACTURING

The manufacturing effort for this program had two aspects: (I) that

_ AIRESEARCH MANUFACTURING COMPANY
Los ArtiCles, Cakfee_a*

UNCLASSIFIED 72-8237

Page 4-5



UNCLASSIFIED

dealing with the approach to development of manufacturing techniques and pro-

cesses 3 and (2) that dealing with the specific manufacturing processes planned
for use.

4.4.1 O¢v¢lopmen¢ Approach

The development of the manufacturing techniques and processes relied

primarily on full-scale components. Except where isolated problems or basic

data were to be obtained 3 the use of subscale components would have represented

a duplication of development effort. The compound Forming of the shell-face

sheets in half-scale3 for example_ results in working with radii of curvature

which are half those encountered in the full-scale part. Use of lighter-gauge

material to facilitate forming_ on the other hand 3 is impractical. In additionj

the size of the full-scale tooling_ the machines required to use this tooling_

and the unique problems associated with the Forming of large thin wall shells

cannot be duplicated in half-scale. As a result 3 a half-scale compound-curved

model of the isentroplc surface of the inlet spike was the only subscale com-

ponent on which Fabrication development work was done. This part was used to

establish forming characteristicsx evaluate electrohydraulic forming parameters 3
and investigate brazing problems.

4.4.2 Fabrication Approach

The most critical area of cooled structures fabrication is in the cooled

surface shell-face sheets. The starting point for these shells can either be

roiled-and-welded-cone sections or flat sheets. The rolled-and-welded cones

are bulge-formed_ then final-sized 3 using electrohydraulic forming. Using

flat sheets as a starting point_ the shells must be deep drawn in about three

stages. Final sizing of the shells occurs as for the welded cones. Of the

two approaches_ the one using the seam-welded cone was selected. The weld

seam is not considered structurally objectionable and the approach involved

fewer steps than are required for deep drawing.

To ensure adequate braze fitup3 forming accuracy for the shells must be

high. In additionj to ensure sound braze joints_ pressure must be exerted on

the shells in such a way during brazing as to provide a crushing load on the

Fins. The methods available For providing this braze fixturing load include

the followingj as a function of the component being brazed:

I. Graphite fixturesj with an external piece containing the assembly

and an internal piece using expanding segments to exert pressure.

2. Steel bags placed inside the shell and pressurized to a level

sufficient to deform the shell with which the bag is in contact.

3. Application of gas pressure directly on the internal shell_ by

making that shell a part of a pressure vessel.

4. Evacuation and backfilling of the space between the two shell-

face sheets 3 using atmospheric pressure to provide the load.
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UNCLASSIFIED

Methods I and 3 were used during the program. Integrity of the shell joining

was experimentally evaluated and adjustments in shell forming tools and brazing

procedures and fixtures were made to correct problems that appeared.

4.4.3 Nondestructive Testinq

The critical area in fabrication of the full-scale components involves

the shells themselves_ as discussed in the two previous paragraphs. For

structural integrity of the shells_ only very limited areas of unbrazed joint

areas are tolerable. These joints are detectable by proof-pressure testing

at sufficiently high pressure levels. Only in exceptional cases_ however_

will a defect that is revealed by proof-pressure test be repairable. In

general_ a nondestructive test capable of revealing braze voids is preferable

and offers better opportunity for subsequent repair. The technique developed

for this purpose during the program used pressure testing of shells that had

been coated with brittle lacquer.

The repair techniques available for unbonded joints in the shells would

generally be the following:

Recycling of the complete shell to a slightly higher temperature

than used during the first braze cycle. In this way_ remelt and

flow of the braze alloy is obtained with the objective of filling

the void. Orientation of the shell in the brazing furnace can be

used to assist the process.

Removal of a portion of the face sheet in the unbrazed area_ ad-

dition of filler alloy and closeout using a patch_ with the en-

tire shell recycled in the brazing furnace. The applicability

of this repair procedure is a function of the location of the

affected shell area in the engine gas stream.
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5. ANALYTICAL DESIGN

5.1 SYSTEM THERMAL ANALYSIS (FLIGHT)

The hypersonic research engine requires thermal protection on all

surfaces that are exposed to the hot gas stream. Surfaces wetted by the

engine propulsive stream are regeneratively cooled with gaseous hydrogen

flowing through passages beneath the surfaces. The use of ablative coat-

ing on these surfaces is barred by the Statement of Work to minimize the

extraneous effects on flight performance. No such restriction was imposed

on the engine cowl; therefore_ ablative protection is used for this

component.

The overall thermal design approach was by analyses based on correlated

experimental data from tests on similar geometric configurations and heat

transfer situations. These experiment-based analyses_ in turn_ were veri-

fied by experiments where the geometry_ or fluid conditions_ or both_ were

similar to those existing for the flight engine.

The basic objectives of all thermal analyses and designs was to ful-

fill the following engine structural design goals.

(a) Maintain hot-gas-side metal temperatures at_ or below_

2060°R (1600°F)

(b) Maintain primary structural temperatures at_ or below_

1600°R (II40°F)

(c) Maintain cross sectional temperature differences to values

at_ or compatible with_ the desired fatigue life of the structure

(d) Minimize the coolant hydrogen usage in excess of combustion

requirements

(e) Maintain hydrogen pressure drop compatible with plate-fin

panel pressure containment_ pump outlet pressure capabilities

(IIO0 psia)_ and fuel plenum pressure requirements (525 psia)

(f) Minimize structural temperature differences from innerbody to

outerbody at the same axial station in order to minimize dis-

tortion and thermal strain of the hot gas annular passage.

The thermal design point for all of the above objectives is the "B-B"
line flight condition of Mach 8 (freestream and local) at 88_000 ft altitude.
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This corresponds to a dynamic pressure of 1800 psf and compares with a

specified dynamic E)ressure of 2500 psf for the HRE Phase I program (Mach 8_
81_000 ft altitude). The Phase II A Statement of Work indicates a maximum

dynamic pressure of 2000 psf for engine-lit and non-lit conditions (Mach 8_
85_000 ft altitude). However_ this is considered an emergency case and the

objective (d) above need not be fulfilled. For this case_ with engine ]it_

all of the pump output pressure is available for coolant pressure drop over
the requirements for "B-B" line operation. The dump valve opens and the fuel

injection valves close as the aircraft approaches these conditions from the

"B-B" line operating point.

The most severe operating condition for the HRE occurs at Mach 8 free-

stream_ 85_000 ft altitude (2000 psf freestream dynamic pressure) with a

positive 4-deg angle-of-attack. For this condition the HRE is in the X-15A-2

flow field. This produces a local approaching Mach number of 6.5 and a dynamic
pressure of 3600 psf. Though the HRE thermal design was based on normal "B-B"

line operation_ thermal analyses were performed at this most severe condition.

This engine-lit condition was considered an off-design condition and the ther-
mal design objectives (c)_ (d)_ and (f) above were waived in preference to

engine survivability_ i.e._ objectives Ca) and (b).

5.1.I Aerodynamic Heatinq

The aerodynamic heating analysis provided the basis for the cooling

design and the hydrogen coolant requirements for the operating engine. Axial

profiles of the aerodynamic parameters (static pressure_ velocity_ fuel-

fraction burned) were used with Eckert's reference enthaIpy in fiat-plate

aerodynamic heat transfer calculations to determine hot gas convective heat

transfer coefficients and adiabatic wall temperatures along the cooled panel

surfaces of the engine. The vertical origins of the centerbody were at the

spike tip and cowl lip_ respectively. Hot gas heat transfer coefficients on

the spike surface were multiplied by the cone-rule factor (30.5 for laminar

flow and 20.2 for turbulent flow) from the spike tip to the axial location of

the cow] leading edge. The cone-rule factor was not used on other engine sur-

faces. Laminar-to-turbulent flow transition Reynolds numbers of I07 and I05

were selected on the spike and inside leading edge surfaces_ respectively.

The aerodynamic flow was considered laminar on the outside of the leading edge

and turbulent on the outside surface of the trailing edge.

Several alternate heat transfer calculation methods were considered in

the design analysis. Thus_ methods included the use of a reference enthalpy

(for hot gas property evaluation) other than Eckert's reference enthalpy_ a

hydraulic diameter as the characteristic length in the annular combustor sec-
tion_ and the simultaneous solution of the momentum and moment-of-momentum

integral equations of the boundary layer. However_ two factors led to the

retention of the flat-plate equation with Eckert's reference temperature:
(I) limited data are available in the wall-to-total temperature ratio range

of greatest interest for the flight engine (0.3 to 0.4)_ and (2) convergence

of the above alternate correlations with Eckert's flat plate reference enthalpy
method is toward 1.0 for the available data at higher wall-to-total temperature
ratios.

_j
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The two flight conditions of interest were the (I) Math 8 freestream and

Iocal_ 88_O00-ft altitude ("B-B" line) condition with freestream and local

dynamic pressure of 1800 psf; and (2) Mach 8 freestream_ Math 6.5 (4-deg

angle-of-attack)_ 85_000 ft altitude condition with freestream and local dynamic

pressures of 2000 and 3600 psf_ respectively. The engine was lit for both

conditions and the fuel fraction burned was equal to 1.0. The "B-B"-line

condition provided the basis for the cooled structures design while the angle-
of-attack condition represented the most severe thermal and structural off-

design case.

The axial profiles of aerodynamic data (static pressure_ velocity_ fuel

fraction burned) and surface heat flux are shown in Figure 5. I-I for the

"B-B"-line design condition and in Figure 5.1-2 for the angle-of-attack con-

dition. The angle-of-attack condition produces the higher heat fluxes and

heat loads. The maximum heat flux for the angle-of-attack conditions is 870

Btu/sec-ft 2 compared with 700 Btu/sec-ft 2 for "B-B" line operation. Similarly_

the total angle-of-attack heat load is 13_800 Btu/sec while the "B-B" line heat

load is I0_800 Btu/sec. The increased heating is primari ly caused by higher

captured air flow rate at the angle-of-attack condition (53 Ib/sec vs 26 Ib/sec

for for "B-B" line operation).

The local peak in centerbody heat flux (to 400 Btu/sec ft 2) in Figure 5.I-I

("B-B" line operation) is caused by shock impingement resulting from the rear-

ward facing step at the end of the spike (Station XX = 55.76). A heat flux

increase of twice the local flat plate calculation was estimated from

Reference 5. I-I for this shock impingement. Localized heat fluxes due to high

shock impingement were calculated at other locations along the engine surfaces

but are not shown in Figure S.I-l. These hydrogen fuel entering the hot gas

stream through the injectors at Station XX = 43 on the spike and at Station

XX = 47 on the outer shell will cause a shock system with reattachment of

separated flow on surfaces just upstream of the injectors. The local heat

flux is increased from 255 Btu/sec-ft 2 shown in Figure 5. I-I for the spike_ to

280 Btu/sec-ft 2. The local heat flux at Station XX = 47 on the outer shell

increases from 600 Btu/sec-ft 2 shown in Figure S.I-I to 865 Btu/sec-ft 2.

Localized high heat fluxes occur on the inner and outer shells just upstream
of the strut leading edge (Station XX = 59.6). These heat fluxes are caused

by reattachment of separated flow associated with the strut bow-shock waves.

The hot gas heat flux is locally increased from 200 Btu_Isec-ft 2 to 600 Btu/sec-ft 2

5.1.2 Coolin_ DesiRn and Analysis

5.1.2.1 Flow Rout inq

The coolant flow routing was revised from the Phase I design reported in

Reference 5. I-2 to the configuration shown in Figure S.I-3. To provide
acceptable strut leading edge temperatures with a heat flux of 1400 Btu/sec-ft 2

on a 80-mil radius leading edge, the flow to the innerbody was routed through

the strut leading edge rather than through a tube passing through the interior
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of the strut. This is discussed in detail in Section 5.5.6, Coolant from the

aft outer shell is used to cool the strut sides. The strut-sides coolant is

routed directly to the fuel plenum in the centerbody cavity, The coolant from

the strut sides is approximately 1400°R rather than 1600°R_ but the strut
hydro9en flow is very small.

5.1.2.2 Selection of Plate-Fin Panels ConfiRuration

The selection of the fin geometry for the enqine coo]ant routes was

based on five conditions; (I) the outer skin temperature was not to exceed

2060°R_ (2) the hydrogen outlet temperature was not to exceed approximately

1600°R_ (3) overall AT (fin AT + O.Ol5-in.-thick wall AT) was not to exceed

IO00°R (with 800°R as a design goal)_ (4) the pressure drop in each individual

fin jacket was not to exceed I00 psi (ultimately increased to 163 psi in the

spike)> and (5) manufacturing limitations. The candidate fin sizes selected

during Phase I (Table A-36_ page 229 of Reference 5.1-2) were reduced to a

total of three on the basis of the above criteria_ the aerodynamic heating

profile shown in Figure 5.I-I and the flow routing shown in Figure 5.1-3.

These fin sizes are 16R-.153-.145(0)-.006 (16 rectangular (R) fins per in. of

passage width> 0.153 in. height_ 0.143 in. offset length_ and 0.006 in.

thickness)_ 20R-.O20-p]ain-.O06_ and approximately 20R-.050-.083(0)-.006.

The 16R-.153-.143(0)-.005 fins were retained (from the Phase I design) on the

forward part of the inlet spike to axial Station XX = 35.7 in. The 0.50 in.

length of cowl leading edge inner and outer surfaces and adjacent to the cowl

lip was covered by a 20R-.020-.006 plain fin as well as the entire side sur-

faces of the struts. Passages of O.O06-in. height_ as indicated in Table A-36

of Reference 5.1-2 for the strut leading edges were eliminated because the

small passages are both difficult to fabricate and difficult to maintain open

for flow. The strut leading edge will be cooled by hydrogen flow in a tube

that is parallel to the strut leading edge and has an inside diameter of

0.13 in. Details of the strut flow routing and passage geometry are discussed

in Section 5.5.6. Based on preliminary coolant passage heat transfer analyses,
a 20R-.050-.083(0)-.006 offset fin was tentatively selected for the remainder

of the engine surfaces. Detailed design analyses were performed to determine
the precise number_ thickness_ and height of these fins with the number of

fins ranging from 20 to 40 fins per in._ fin heights ranging ±0.010 in. about

the 0.050 in. fin height_ and fin thicknesses ranging downward from 0.006 in.
to 0.003 in. The final selection of the offset fins and their location on the

engine is presented in Table 5. I-I.

5.1.2.3 Plate-Fin Panel Thermal Performance

The steady state thermal performance (hot surface and structural tempera-

tures_ and temperature difference) of the selected plate-fin surfaces are

presented in Figure 5.1-_ for the Mach 8 freestream and local_ 88_O00-ft

altitude ('B-B" line) condition with freestream and local dynamic pressure of
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1800 psf; and in Figure 5.1-5 for the Mach 8 freestream, Mach 6.5 local (4-

deg angle-of-attack)_ 85,000 ft altitude condition with freestream and local

dynamic pressures of 2000 and 3600 psf, respectively. These performance

curves are based on the heat flux distributions presented in Figures 5.1-1
and 5.1-2 and the hydrogen coolant flow rates presented in Table 5.1-2.

The Mach B local thermal performance curves (Figure 5.1-4) indicate that

the plate-fin panel cross-sectional temperature differences can be maintained

below 800°R except on the leading edge and forward outer shell. A cross-
section AT of 950°R was predicted across the 20R-0.050-0.100(0)-0.006 offset

fins and O.OI5-in.-thick hot sheet on the leading edge at the leading edge/
forward outer shell interface (axial Station XX = 46 in.). On the forward

outer sheli_ a AT of 930°R is predicted across the 28R-0.050-0.100(0)-0.006

offset fins and hot sheet at Station XX = 48.0 in. In addition_ the selected

hydrogen coolant rates allow the structure to reach the maximum allowable
value of 1600°R (near the flow route outlets) while maintaining hot surface

temperatures at or below the design objective of 2060°R (1600°F).

TABLE 5.1-1

HRE COOLANT PASSAGE FIN CONFIGURATIONS

Fin Desi qnation

16R-O. 153-0. 143(0)-0.006

20R-O. 050-0. 100(0)-0. 006

ZBR-O.050-0.100(0)-0.005

20R-O. O20-plain-O.O04

(2)

(3)

(2)

(3)

(J)

(2)

Location

Forward spike to Station XX = 35 in.

Inner side of spike folded-flow

section (Station XX = 46 to 55.75 in.)

Nozzle

Inner and outer surfaces of leading

edge component starting at 0.5 in. in

back of tip.

Outer surface of trailing edge.

Aft spike (from Station XX = 55 in.)

and including the outer side of spike
folded-flow section.

Inner shel I

Forward and aft outer shell

Strut sides

Inner and outer surfaces of leading

edge component (0.5 in. length) in

back of tip.
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At the Mach 6.5 local conditions_ the higher panel heat fluxes (870 Btu/
2

sec-ft maximum vs 700 Btu/sec-ft 2 maximum at Mach 8 local) and higher total

heat load (13_800 Btu/sec vs IO_800 Btu/sec at Hach 8 local) produce cross-

section AT's as high as 1150°R (Station XX = 42 on the leading edge) and a
total hydrogen coolant requirement of 3.26 lb/sec (versus 2.19 lb/sec at

Mach 8 local). This Mach 6.5 local flow requirement is 49 percent higher than
the Mach 8 local requirement, even though the total heat load is 28 percent

higher and was selected to maintain hot surface temperatures at or below
2060°R. A total flow rate of 1.28-times the 2.19 lb/sec Mach 8 local flow

requirement (2.80 lb/sec) could not maintain hot surface temperatures below

2060°R. As a result_ the increased flow requirement (above 2.80 lb/sec) pro-

duced maximum structural temperatures and hydrogen outlet temperatures less
than I600°R on the outerbody as indicated in Figure 5. I-5 and Table 5. I-2. The

lower outerbody structural temperatures produced centerbody-to-structural
temperature differences of up to 600°R at about Station XX = 60 in.

5.1.3 Coolant Pressure Drop and Flow Distribution

The engine coolant system was analyzed to estimate the coolant (gaseous
hydrogen) conditions at various locations in the flow routes. The case of

Mach 0.5 local was chosen because it requires the maximum pump flow rate and

the highest pump outlet pressure. The results are shown in Figures 5.1-6 and

5.1-7. Figure 5.1-6 is a pictorial presentation of the four principal flow

routes for the spike_ strut leading edge and innerbody_ outerbody leading edge_

and outerbody trailing edge and strut sides_ with hydrogen conditions indicated
at selected locations. Figure 5.1-7 gives detailed information on the coolant

pressure and temperature at intermediate locations. The results indicate that

the maximum pump design pressure of I100 psia is high enough to permit the

maximum flow rate of 3 lb/sec through the flow routes. The largest pressure

drop occurs in the spike which consumes almost all of the available pressure

difference of 575 psi between the pump outlet plenum at II00 psia and the
fuel plenum at 525 psia. The pressure drops in the other three flow routes
are about 300 psi less than the maximum available.

The coolant flow rates used in the pressure drop analysis (3.0 lb/sec
total as shown in Figure 5.1-7) are smaller than the required flow rates for

Mach 6.5 local at 88_000 ft and combustion _ = I_ as listed in Table 5.1-2.
The flow rate values in Figure 5.1-7 were also used for value design. The

variations of the coolant temperature along the flow routes_ but before the

fuel plenum or the outerbody outlet manifold_ where flow routes merge together_

were taken from the Hach 6.5 local analysis in Section 5.1.2.3. The coolant

temperature in and downstream of the outerbody outlet manifold and the fuel
plenum was taken equal to 1600°R_ the maximum design temperature of the hydro-

gen. This temperature will produce the maximum possible pressure drop and
was used for conservatism.

The increase in pressure drop due to blockage of the cooling jacket

passages by the fuel injectors was found to be negligible. The flow rate
from the dump valve plenum to the turbine control valve at 0.2 lb/sec was
considered as the maximum turbine flow rate.
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Figure 5. I-6. Hydrogen System Schematic
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In two locations, the design tube sizes were different from the ones

used in the analysis to permit tube size adjustments after flow test pressure

drop results became available for the various components. In the analysis,

tubes were sized to provide correct flow distribution and equality of coolant

pressures from different flow routes at junction points.

The six tubes connecting the strut sides to the fuel plenum were assumed

as 0.312 in. ID for layout design purposes, although the analysis indicates

a O. 188-in. ID is adequate. The six tubes connecting the strut-flow inlet

manifold on the outer shell and the strut sides are indicated as being 0.5 in.

OD in Figure 5. I-7 but were reduced to 0.375 in. OD on the layout design

because of the almost negligible effect on overall pressure drop. This type

of change was made to other details in the system without srgn;ficant effect

on the validity of the current analysis.

The two tubes which directly connect the outer shell outlet manifold to

the dump valve plenum were sized to 0.81 in. ID on the layout_ while this

analysis indicates a 0.73-in. ID. Flow split between the piggyback manifold

and these two tubes is controlled by the relative resistance of these parallel

flow paths. Flow distribution around the outer shell was adjusted somewhat

by varying the diameter of these two tubes after test flow distribution data
became available.

The flow distribution in the coolant flow routes was determined from the

ratio of cooling jacket pressure drop to overall flow route pressure drop.

By definition, when this ratio is unity_ the flow is uniform. The cooling

jacket pressure drop includes that resulting from friction and flow accelera-

tion in the fins as well as any resistance uniformly distributed at the inlet

or outlet of the fin jackets. In addition to these cooling jacket pressure

drops_ the pressure drop associated with circumferential flow in the manifolds

is added to make up the overall Ap. All the flow routes_ which are separately

manifolded_ have pressure-drop ratios from 0.885 to I.O as shown in Figure

5.1-8. The resulting percentage-flow increase above that required for each

flow route is less than 5 percent and the overall flow increase is less than

2 percent. The flow increase of 1.3 percent for the forward outer shell is

sufficient to provide the flow increase of 0.8 percent required for the cowl

leading edge. The two flow increases are in series and would not be additive.

5. I.4 TransFent Analysis

Transient thermal analyses were performed on several engine components to

determine if the design objectives for steady-state operation were violated

during the transient startup and shutdown phases of a total engine mission.

The basic areas of interest investigated were the engine manifolds where

large transient temperature differences were produced from fast thermally

responding hot skins adjacent to slow-responding manifold structures during

startup and shutdown. Results of two such areas (subsonic fuel injector

manifold and outerbody coolant outlet manifold) where transient temperature

differences exceeded steady-state values are presented in this section.

Transient thermal results for other engine components are presented in
Section 5.5.
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5.1.4.1 Fuel Injection Manifold

The response of the subsonic injector manifolds at Station XX = 55.67 was

investigated_ based on coolant outlet temperature control. The resulting

temperature differences were larger than designed_ however, so the feasibility

of using electrical heaters as a means of eliminating excessive metal AT's

(lO00°R or greater) during engine operation was explored. Heaters could pre-

heat the manifolds to II60°R from B-52 takeoff to X-15A-2 dropoff at /_S,O00 ft

altitude (75 min total). The wattage requirements to these heaters is esti-

mated at 500 watts total for two manifolds. The 146-watts minimum required to

heat each II-Ib manifold from-65°F to 700OF (II60°R) has been increased to

250 watts to allow for heat losses. The heaters will be inoperative during

the entire period of X-15A-2 flight.

Two cases were considered critical for design: (I) shutdown of Math 8

(Mach 6.5L) combustion condition_ and (2) combustion at Mach 4. Transient

temperature responses for these conditions on the innerbody are shown in

Figures 5.1-9 and 5. I-IO, respectively_ and include the use of heaters on the

manifolds. For these two cases_ the maximum AT across the manTfold at any

time during the two considered flight profiles (from hot wall surface to

manifold farthest from cold wall) is estimated at 800°R. The range of Mach 4

combustion manifold response in Figure 5. I-IO represents more extreme cooling

than expected. The high fuel heat transfer_ that will occur at the injectors

only_ was used on all fuel-wetted surfaces of the manifold. Also, the heating

effect of 1200°R coolant hydrogen in the fin jackets_ which was not considered

in the analysis_ will retard cooling of the manifold to the fuel temperature

at 740°R. Flight profiles to Mach 6 (both supersonic and subsonic combustion)

were not considered critical for design.

5.1.4.2 Outerbody Outlet Manifold

Transient thermal analysis was performed on the outerbody outlet manifold

for ascent to, and for design point operation at Mach 8 (6.5 local)_ 88_000 ft

altitude. The object was to detemine the maximum cross-section AT between
the outer surface of the O. OIS-in.-thick hot wall and the O. 187-in.-thick

manifold wall.

Results in Figure 5.1-II indicate a maximum cross-section AT of l160°R

that will occur just after start of combustion when the outer wall maximum

temperature increases from the local coolant hydrogen temperature of 1200 ° to
2000°R. This maximum cross-section AT is located near bottom dead center of

the manifold. Circumferential flow of hydrogen in the manifold at bottom

dead center is almost nil because this location is on the line of symmetry

between manifold outlet tubes. The small hydrogen flow and the associated

small convective heat transfer coefficient at bottom dead center in the mani-

fold results in a slow manifold heatup (such as T 2 in Figure 5. l-II). The

temperature TW (outer) will be uniform around the outerbody circumference

because it will be dependent only on hot-gas heating and fin-hydrogen cooling.

If needed_ electrical heaters attached to the manifold can preheat the manifolds

and reduce AT's_ as discussed for the subsonic injector manifolds in
Section 5.1.4.1.
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5.1.5 Mission Coolant Requirements

Analyses were performed to determine minimum hydrogen coolant require-

ments for ascent and descent to and from a Mach 8 (flight and engine local)

88_O00-ft flight profile. These results established requirements for control

of flow in each of the four flow routes as a function of time during mission.

Ascent and descent coolant requirements for three methods of flow control are

presented in Table 5.1-3 and are discussed below. These hydrogen consumptions

are required above Mach 4 where the freestream total temperature is above the

engine structural temperature limit of 1600°R. The flight profile used in the

analyses is shown in Figure 5.1-12 (proposed AiResearch modification). Though

not included in Table 5.1-3_ the hydrogen requirement at the operating point

(Math 8 freestream and local) was calculated from the required coolant rate in

Table 5.1-2 and the operational time of 20 sec indicated in Figure 5.1-12_ at

43.8 lb (i.e._ 2.19 Ib/sec x 20 sec).

Method I. Outlet Temperature Control (No Insulation)

A hydrogen consumption of 28.2 lb can be approached if four separate

modulating valves regulate flow in each of the four flow routes so that an

outlet coolant temperature of 1600°R is maintained. A 1600°R outlet coolant

temperature can be achieved in all but the spike flow route. In the double-

sandwich plate-fin section of the aft spike_ coolant is heated to 1600°R at

the end of the passage adjacent to the hot gas_ but is cooled below 1600°R

after making a 180-deg turn and flowing through the inner passage of the

double-sandwich section. The coolant outlet temperature of the spike for

design combustion conditions is about 1300°R. During non-lit_ spike closed

conditions_ the outlet coolant temperature can be slightly higher than 1300°R_

but to have a single value of spike outlet temperature_ a 1300°R spike coolant
outlet appears desirable for all flight phases. For 1600°R outlet coolant

temperature in three of the four routes and 1300°R in the spike route, the

hydrogen consumption for non-lit, spike closed conditions is increased 3.2 lb
to 31.4 lb.

The above coolant consumption does not provide for adequate cooling of the

outerbody leading edge design as shown in Figure 5.1-3. During ascent and
descent_ the outerbody leading edge heat flux is a higher percentage of its

design point combustion level than is the overall leading edge route heat load.

The leading edge flow route outlet control temperature could not detect an
overheated teading edge tip. A leading edge tip cooling design reservoir which
would provide for separately routed leading edge tip coolant passages of small

cross-sectional area could alleviate this problem. This alternate design is
discussed in Section 5.5.4. The coolant require_ for this separate route was

estimated at about 20 percent of the total ascent-descent coolant consumption_

or an increase of about 6 lb in the total hydrogen required. A 6-1b increase

is associated with connection of the separate leading edge passages in parallel

with the spike flow.
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TABLE 5.1-3

SUMMARY OF ASCENT AND DESCENT COOLANT REQUIREMENTS

Outlet Temperature Control (No Insulation)

Thermodynamic minimum consumption 28.2

Increase in consumption due to 1300°R 3.2

spike outlet coolant temperature

Increase due to separate cooling of 6.0

outerbody leading edge tip

Total 37.4 Ib

Outlet Temperature Control (Rockide Z Insulation on Spike)

Thermodynamic minimum consumption

Increase in consumption due to 1300°R

spike outlet coolant temperature

Increase due to separate cooling of

outerbody leading edge tip

Total

Fixed Orifice Control (No Insulation)

Minimum flow as detected by highest

coolant outlet temperature

Increase due to separate cooling of

outerbody leading edge tip

Total

Leading Edge Tip Temperature of 1500°R

with Fixed Orifice Flow Control

24.3

2.6

6.0

32.9 Ib

75.0

6.0

73.0 Ib

150.0 Ib
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Method la. Outlet Temperature Control IInsulation_

Application of Rockide Z (zirconium oxide) to external surfaces of the

spike and outer body leading edge flow routes I0.030 in. thick on the spike

fore body, O.OIS in. on the spike aft bodyj and 0.020 in. on the outerbodyl

can reduce the uninsulated thermodynamic minimum for ascent and descent from

28.2 to 24.3 lb. Rockside Z insulation can reduce hot gas heat absorption

in metal surfaces by (1) creating an additional thermal conduction resistance

in the heat path from hot gas to coolant, and (2) dissipating hot gas heat

input by radiation, because Rockide Z surface temperatures of up to 3500°R

appear feasible. The reduction in coolant consumption on internal surfaces

during combustion is much greater than on external surfaces because internal

combustion heat fluxes are much greater. The net combustion coolant rate

could be 50 percent lower than for uninsulated surfaces because of the large
AT in Rockide Z with metal surfaces maintained at 2060°R maximum. On external

surfaces, the heat flux is lower, the AT through Rockide Z is correspondingly

lower, and the net reduction in coolant consumption is only 15 percent _2B.2

to 24.3 Ib). The increase in consumption due to a 1300°R spike outlet tempera-
ture with insulation was estimated at 2.6 lb. The 6-1b increase due to

separate cowl leading edge cooling is also applicable.

Method 2. Fixed Orifice Flow Control

Fixed-geometry orifices in all but the pressure-drop-controlling route

was investigated as a means of coolant flow control. This method eliminates

the use of modulating valves at the route inlets, but results in a consider-

able increase in hydrogen consumption during non-lit, spike closed conditions.

Outlet temperature sensors adjust the flow rate in all four routes, so that

the maximum allowable coolant outlet temperature in any route is never exceeded.

The orifice sizes would be selected to give best coolant usage during design

combustion conditions. Under these conditions, the coolant consumption for

non-lit spike closed conditions is 73 lb. This more than twofold increase

in coolant consumption over individual flow control results from the relation-

ship of the heat load on each flow route during non-lit, spike-closed condi-

tions and during combustion at Mach B_ 88,000 ft. During design combustion

conditions, the inner shell, outer shell, trailing edge, and nozzle, receive

37 percent of the total heat load. During non-lit, spike-closed conditions_

these surfaces receive less than IO percent of the total heat load. Because

fixed-orifice flow regulation will give approximately the same spike flow for

all heating conditions, the inner shell, outer shell_ trailing edge, and

nozzle will be overcooled during non-lit, spike-closed conditions. In fact_

the coolant in the highly heated routes will be more dense and a higher per-

centage of the total coolant will flow through these routes during non-lit

conditions than during combustion.

The 6-1b increase due to separate leading edge cooling is also applicable
for this method.

Method 3. Leadinq Edge Tip Temperature Control

In order for the coolant requirements by the above methods to be realistic,

a separate leading edge circuit is required. A third method was employed with
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the existing leading edge flow routing shown in Figure 5.1-5. To provide

leading edge tip cooling by this method, it was assumed that a thermocouple

mounted in the leading edge metal tip regulated coolant to all flow routes

with fixed-geometry orifices (as in Method 2 above) such that the tip metal

temperature was maintained at I500°R. The resulting ascent and descent coolant

consumption is 150 lb. This coolant consumption is higher than determined by

the above methods because the consumption reflects a hydrogen conductance at

the outerbody leading edge that was increased by increasing leading edge pas-

sage flow rate, and thereby increasing flow rate in all engine flow routes.

Hydrogen conductance at this leading edge could also be increased by decreasing

the hydrogen passage height at the outerbody leading edge so the leading edge

would be adequately cooled during ascent and descent. However, during combus-

tion the increased flow rate required in the leading edge flow route would

result in a large pressure drop in this reduced-clearance region.

5.2 SYSTEM STRUCTURAL ANALYSIS (FLIGHT)

5.2.1 Loads

The sign and coordinate convention used to express loads acting on the

HRE is shown on Figure 5.2-I. It is assumed that the acceleration directions

are positive in the positive coordinate direction, but the forces due to the

acceleration are reversed by virtue of D'Alembert's principle.

Inertia loads are assumed to act in the center of gravity of the engine.

The position of the center of gravity is a function of the spike position.

Movements of the spike change the location of the center of pressure. The

positions of the center of gravity and the center of pressure for normal loads

in the fully extended and retracted positions of the spike are shown on

Figure 5.2-2. Aerodynamic, inertia, vibratory and thermal load were based on

flight envelope and operational characteristics of the X-ISA-2 aircraft. The

most significant load cases either with the engine operating or inoperative

are shown on Table 5.2-I. This table presents a comprehensive listing of

operating conditions, aerodynamic external drag forces, engine net internal

thrust forces, and acceleration loads for Mach numbers of 8.0, 6.5, and 5.0 at

different dynamic pressures, flight angles of attack, and flight yaw angles.

A fuel flow limitation, wf = 3 Ib per sec_ has been established for the

first flightweight engines, which precludes stoichiometric engine operation

over a portion of the flight spectrum indicated in the Statement of Work

(L-4947-B, dated January 1967). The following constraints are imposed by
structural limitations of the X-15A-2 aircraft:

• Maximum airplane angle of attack, e = I0 deg

• Maximum normal acceleration, N = 4.25 g
Z
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-FX

HRE STATION 52.00

÷FZ

ENGINE

NOTE: The vertical centerline of the thrust block mount is located

at HRE Station 52.00 which is established by a plane perpen-
dicular to the axial centerline of the HRE intersecting that

centerline 52.00 inches aft of the theoretical apex of the
inlet spike cone_ when the spike is in the fully retracted

position. For convenience in structural design, station

52.00 is the datum for location of center of gravity, and
centers of pressure. All locations forward of station 5200

are negative, and all locations aft of station 52.00 are

positive.

ENGINE

OPERATING

SPIKE RETRACTED):
in.

ENGINE NOT

OPERATING

(SPIKE EXTENDED_,
in.

Center of Pressurex PY Load -13.23 -15.43

Center of Gravity + 4.50 + 3.4

Center of Gravity above _ + 1.20 + 1.20

Center of Pressure 3 FZ Load -13.23 -15.43

Figure 5.2-2. HRE Center-of-Gravity and
Center-of-Pressure Locat ions

S- 72682
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TABLE 5.2-1

FLIGHT CONDITIONS AFFECTING STRUCTURAL DESIGN OF HRE

Case I Operation

No, t Mode

I n 8.0 2000 I0.0 2

2 ,_.n . 8.0 2000 IO.O 2

3 n 8.0' 1800 I0.0 2

4 o 8.0 1800 6.8 2

5 n 8.0 1800 I0.0 2

6 o 8.0 1800 0.8 2

"_ n 8.0 835 _0.0 7

8 n 8.0 835 I0.0 7

! i HKE Nel
I Internal

M qw_ _= _ Be NZ, Nx, N _ qL' _L' 8L' Thrust,
psf deg leg g 9 _ ML psf deg deg Ib

9 n 8.0 2000 -I.0 2

I0 n 8.0 2000 -/.0 2

II n 8.0 I_00 -I.0 2

12 n 8.0 1800 -I,O 2

13 o 0.0 1800 -I.0 2

14 o 8.0 1200 -I.0 2

15 n 6.5 2000 9.7 2

16 n 6.5 2000 9.7 2

17 n 6.5 1800 10.0 2

18 o 6.5 1800 9.0 2

19 n 6.5 1800 I0.0 2

20 o 6.5 1800 9.0 2

21 6.5 2000 -I.0 2

4.25 4.5 -i.O 6.5 3600 A.O 2.0

4.25 -5.0 -I.0 6.5 5600 4.0 2.0

4.25 4.5 -I.0 6.5 3240 4.0 2.0

5.0 2.0 -I.0 u,8 2700 4,0 2,0

4.25 -3.0 -I.0 c,.5 3240 4.0 2.0

3.0 : -3.0 -I.0 u.3 2750 4.0 2.0

1.7 4.5 -_.0 6.5 1500 i4.0 7.0

1.7 -I.0 -I.0 6.5 11500 4.0 7.0

-0.5 4.5 -I.O 7.5 _1800 -I.0 2.0

-0.5 -5.0 -I.0 7.5 t800 -t.0 2.0

-0.5 4.5 -I.O 7.5 1620 -i.O 2.0

-0.5 -5.0 -I.0 7.5 t620 -I.0 2.0

-0.5 5.0 -I.0 7.5 1020 -I.0 2.0

-0.5 -2.0 -I.0 7.5 t620 -I.0 2.0

4.25 4.5 -i.O 5.4 5200 -I.0 2.0

4.25 -3.0 -I.O 5.4 3200 -t.O 2,0

4.25 4.5 -I.0 5.4 2880 4.0 2.0

2.0 2.5 -I.0 5.45 2790 4.0 2,0

4.25 -3.0 -I.0 5.4 2880 4.0 2.0

2.0 -2.0 -l,Oj 5.45 2790 4.0 2.0

-0.5 4.5 -I.0 5.8 1800 -I.0 2.0n
...... + ....

._ _q _?_.......6.S 2-oo0-Lo-_--_o.Z -`5.o-,.o
25 n 6.5 1800 -I.0 2

6.5 1800 -I.0 224 o

25 n 6.5 1800 -1.0 2

26 0 6.5 1800 -I.O 2

23 n 5.0 2000 8.0 2
.......................

28 n 5.0 2000 8.0 2

29 n 5.0 1800 8.8 2

30 o 5.0 1800 8.8 2
+ . .........

31 n . . 5.0 1800 8.8 2

32 O 5.0 1800 8.8 2

. . 50- zo;G"1_2;"2
_-- ; 5.o 2ooo -,.o 2
_- n Tso 18_ .,o 2

}o.... _ 5:o- ,8oo-D.o 2
" 37 .... I s.o ,8o0 -,.o2

38 o i 5.0 1800 -I.01 2
H

q - dynamic pressure

- angle of attack

- anqle of yaw

N - acceleration

M - Mach number

0 - operatin 9

n - nonoperatin 9

Subscripts

- longitudinal

y - I_[eral

z - nol'l,_a]

5.8 1800 -I.0 2.0

-0.5 A,5 -I.0 5.8 1620 -I.O 2.0

-0.5 5.0 -I.0 5.8 1520 -I.0 2.0

-0.5 -3.0 !-I,0 5.8 1620 -I.0 2,0

-0.5 -2.0 :-I.0 5.8 _20 -I,0 2,0

4.25 4.5 I-I.0 4,2 2800 4.5 Z.O

4.25 -3.0 -I.O 4.2 2800 4.5 2.0

4.25 4.5 -I.0 4.2 2520 4.5 2,0

2.5 3.0 -I.0 4,2 2520 4,5 Z.O

4.25 -5.0 -I.O 4.2 2520 I 4.5 2.0

2.0 -2.0 -I.O 4.2 2520 4.5 2.0

-0.5 4.5 -I.0 4.9 1900 -I.0 12.0

-0.5 -3.0 -I.0 4.9 1900 -I.0 ;2.0

-0.5 4.5 -I,0 4.9 1710 -I.0 2.0

-0.5 2,0 -I.0 4,9 1710 -I.0 2,0

-0,5 -.5.0 -I.0 4.9 1710 -I.0 2.0

-0,5 I -2.0 -I.0 4,9 _ 1710 -I.0 2.0
i

- fruestream

L - local

External Normal Side

Drag Fz Fy Axial

0 }807 1297 862 -2036

0 _807 1297 862 -2030

0 1626 1167 776 -1852

3690 _54 826 552 285_

0 1626 !167 776 -1832

5690 654 826 552 285_

0 741 527 1280 -8`55

0 741 527 1280 -835

0 904 049 4`51 -10[8

0 904 649 451 -1018

0 81`5 584 389 -916

0 8t3 584 589 -916

1900 374 485 524 _l&2_

1900 374 _85 324 .J423

0 1606 I_53 760 -1809

0 1606 1153 766 -1809

0 IA46 t037 389 -1629

5210 704 8`55 558 4228

0 t446 1057 589 -1629

5110 704 835 558 4228

0 904 649 451 -1018

0 904 649 431 -1018

0 813 584 389 -916

27&0 597 485 524 _2240

0 813 584 389 -916

2740 397 485 324 ,2240

0 1405 1009 670 -1583

0 1405 1009 670 -i583

0 1265 908 603 -1425

5950 699 784 504 ,5091

0 1265 908 603 -1425

5950 699 754 504 +5091

0 954 684 455 -t075

0 954 684 455 -1075

0 858 616 409 -967

5510 443 511 542 +2758

0 858 616 409 -967

3`510 443 5It `542 ,2758

*Z +Y

X- 15 COORDINATE SYSTEM

--_ AIRESEARCH MANUFACTURING COMPANY
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The resulting permissible mission envelope is shown in Figure 5.2-3. Some
of the salient features of this envelope are:

At qmax of 2000 psf, _max = 8.8 deg at Moo = 5.8

Below M = 5.8, the :max at q= = 2000 is N limitedZ

At qmax = IBOO psf, _max = I0.0 deg at M = 6.3

Below M® = 6.3, the :max at q_o = 1800 is Nz limited

Maximum angle of attack :max = I0.0 deg is limited to

qmax _ 1600 psf and M_ _ 7.5

The engine is designed structurally for operation with the X-15 angle of

attack _ I0 deg and the dynamic pressure s; 2000 psf_ but with the combustor
not lit.

The tabulation of the flight conditions affecting the structural design

of the HRE was revised to reflect the effect of the symmetrical and the

asymmetrical inlet unstart and the effect of limitations shown in Figure 5.2-3.

5.2. I.I Aerodynamic

Engine external drag and internal thrust for different Mach-number and

flight-maneuver conditions are tabulated in Table 5.2-I. Wind tunnel tests

using a one-third-scale inlet model indicated that an unsymmetrical unstart of

the inlet is possible at the maximum design Mach number, This condition

results in high normal loads when the engine is in the X-15A-2 shock field.

Similarly_ a symmetrical unstart in the shock field results in high axial

loads. The nondimensionalized pressure distribution due either to partial or

symmetrical unstart for M® = 8._M L = 6.5 condition is shown in Figure 5.2-4.

This pressure distribution was integrated to obtain the freebody loads

on the HRE. Table 5.2-2 presents these loads for the most critical fuel ON

and fuel OFF conditions and shows the axial freebody loads due to asymmetrical

inlet unstart that act concurrently with the peak normal force of 16sBO0 lb.

Engine forces for the engine-operating and the inlet-started conditions are

shown for q= = 1600 psf in the last column.

The maximum axial loads Pxa = 14sl90 Ibs at the strut attachment at the

outerbody occurs at M = 8.0_ ML = 6.5_ q_ = 2000 psf due to symmetrical inlet

unstart. The maximum normal force_ Pzn = 16_BO0 Ibs occurs in case of an

asymmetrical engine unstart condition at M_ = 8.0, ML = 6.5_ and q_ = 2000.

Both of these load cases occur in a non-lit condition of the engines outside

of the engine-lit flight envelope.

_ AIRESEARCH MANUFACTURING COMPANY UNCLASSIFIED 72-8257
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TABLE 5.2-2

HRE FREEBODY AERODYNAMIC LOADS

q_

Max PL

(psi)

F
I

F2

F3

F4

F5

F6

F
a

Fb

F
c

Fuel

2,000

O. 845

I 5,000

200

8O5

Fuel On

(Subsonic

Combustion)

1,600

0.68

14,500

250

Asymmetrical
Inlet Unstart

2,000

O. 845

5,650

75

Off

1,120 5O5

Fuel-Limited

Mission, Fuel

Inlet Started

1,600

0.68

2,500

435

1,855

9,600

195

1,260

15,150

15,500

5,710

I0,600

170

1,010

3,620

195

1,260

15,150

15,500

5,710

5,270

5,465

5,105

4,770

155

1,010

210

595

-3,155

on _,

M = 8.0
= F

ML = 6.5 5

F6

THRUST
BLOCK

F4 F 2
INNERBODY

ODY

F5

LOADS TRANSMITTED

(a) STRUT ATTACHED AT INNERBODY (b)

Fa = F I - F2 - F5

(c) THRUST BLOCK

F = (F I - F 2 - F 5 + F5) - F 4 + F 6c

STRUT ATTACHED AT OVERBODY

Fb = (F I - F2 - FS) + F5

S-72668

_ AIRESEARCH MANUFACTURINGCOMPANYt_A.=._.cj,,_._UNCLASSIFIED
72-8257

Page 5-55



UNCLASSIFIED

5.2. 1.2 Dynamic and Vibration

External loads_ such as aerodynamic pressure and inertia loads are dynamic
in nature. The values tabulated in Table 5.2-I are calculated on a statistical

basis and used as static equivalent loads representing certain extreme cases
of the aircraft in operation.

The HRE must withstand vibrational forces simultaneously with the aero-

dynamic and acceleration loads. The best information available indicated that

the maximum X-15A-2 output at the engine mount points does not exceed 0.3 g.

Employing this input level and further assuming an amplification factor of

IO at the engine fundamental frequency_ leads to a 3.0 g load factor (0.3 x IO)

in all directions_ which must be applied in conjunction with the acceleration

and aerodynamic forces. The fundamental axial response was assumed to be

20 g; the transverse and lateral response--based on the expected structural

damping--was 7.5 g for the engine. Amplification factors for certain parts

of the engine were established based on the structural features of each part.

5.2. 1.3 Pressure-Containment

Regeneratively cooled surfaces, manifolds and fittings are exposed to

coolant pressure. Maximum operating pressure was assumed to be 700 psi. All

plate-fin shell assemblies and manifolds were designed to contain this pressure

during the lO-hr design life of the engine. All shells at the subassembly and

final assembly levels (i.e., after the installation of the manifolds) were

subjected to proof pressure of I050 psi. These pressure tests were to provide

verification of manifold containment-strength and prove leak-tightness of all
final assemblies.

This test pressure in general is inadequate to confirm shell-containment

strength of the various shell assemblies. Each shell assembly was pressure

tested prior to the addition of manifolds to provide a realistic evaluation of

shell fin assemblies without inducing damage in a sound part. Experience on

the sub-element panels has shown that a higher proof pressure is required to

pinpoint local braze voids which could subsequently cause premature failure

under creep-rupture or thermal cycling conditions. Such pressure tests permit

possible repairs to locally defective shells in some instances, and it also

permits timely rejection of nonrepairable defective shells prior to additional

fabrication steps.

5.2.2 Stress Analysis

5.2.2.1 Design Loads

External loads acting on the HRE installed on the X15 aircraft were

described in Section 5.2.1. Loads acting on the major assemblies of the engine

are described in the following paragraphs.

_ AIRESEARCH MANUFACTURING COMPANYL_ J_qpms. _
UNCLASSIFIED 72-8237
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5.2.2.1.1 Spike-Actuator Assembly

Loads on the actuator are produced by external aerodynamic forces acting

on the spike_ bellows spring forces, pressure forces within the bellows cavity_

acceleration forces acting on the spike, and aerodynamic unstart loads.

The maximum aerodynamic axial force is produced by a symmetrical unstart

with M L = 6.5_ qL = 3000 psfa_ and _L = O. The axial force for this condition

is 15_000 Ib aft. Normal and transverse aerodynamic loads for this condition

are negligible.

The maximum aerodynamic normal force occurs with an asymmetrical unstart

with M L = 6.5_ qL = 3600 psfa, and a local angle of attack of 4 deg at the

engine centerline. The normal force is 16_800 Ib upward for this condition,

and it is accompanied by an axial force of 5600 Ib aft.

The bellows spring force varies from 2500 Ib aft for the fully extended

spike position3to zero with the spike fully retracted. Pressure forces within

the bellows cavity vary from 6500 Ib forward to 400 Ib forward, with the spike

in the fully retracted position.

Vibrational response acting simultaneously with these loads may be 3.0 g

in any direction. The acceleration loads that may occur are listed in

Table 5.2-I. Engine thrust forces and external drag forces do not contribute

to the actuator loading.

The actuation system sizing is based upon the axial load profile shown

in Figure 5.2-5 for a typical inlet unstart sequence. Normal load for this

operating mode is taken as zero. The unstart occurs in the fully retracted

position, and the axial aerodynamic force increases from the normal operating

value to 15,000 Ib within approximately 6 x IO-4 sec. The bellows pressure

force tends to counteract this load, but its buildup time requires approxi-

mately 0. I sec. The transient load for actuator force was reduced by allowing

for partial buildup of the pressure force_ based on a O.05-sec lag in actuator

response. The design loads that occur during the unstart are summarized below.

Loads Tending to Open Ib

Aerodynamic load 15,000

Bellows (mechanical) 20O

Innerbody seal 500

Actuator support structure bearings 1_040

Actuator friction IO0

I 6_ 840

_ AIRESEARCH MANUFACTURING COMPANYLOS AnKele_ CJhforn_a

UNCLASSIFIED



161000

15_000

NOTE: I. M =8.0

2. ML = 6.5, qL = 5600 PSFA

3. q= = 2000 PSFA

4. AT COWL CLOSED POSITION qm = 1800 AND 2000 PSFA

5. =L = O° FUEL

14,000

13,000

5000

4000

3000

W

2000

Z
0

I000
Z

< 0

o -I000

<

x -2000
<

I

-3000

-4000

-5OO0

-6000

-7000

0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5

SPIKE RETRACTION1 IN.

A-31607

Figure 5.2-5. Estimated Axial Load Profile on Spike During a Typical

Inlet Unstart Sequence (Shock Expelled)

_ AIRESEARCH MANUFACTURING COMPANY
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Load Tending to Close Ib

Bellows pressure load (O.05-sec lag) 4,200

Net force required to close 12,640

The available force for the minimum stall pressure is

FA = 16,700 lb

The design ]oad margin is about 4060 lb.

The load conditions improve considerably after I00 msec when the

hydraulic system can provide the maximum position rate. The following loads

occur during closing:

Loads Tendinq to Open l b

Aerodynamic load 15,000

Bellows (mechanical) 300

Innerbody seal 500

Actuator support-structure bearings 520

Actuator friction I00

Loads Tendinq to Close

Bellows pressure load

Net Force Required to Close

16_420

7,000

9,420

The force available from the hydraulics at maximum position rate is 11,900 Ib,

resulting in a margin of 2480 lb.

The maximum normal load condition occurs during an-asymmetric unstart

as shown in Figure 5.2-6.

_ AIRESEARCH MANUFACTURING COMPANYL.,,.=,.,c.,.,.,, UNCLASSIFIED
72-8237

Page 5-37



UNCLASSIFIED

_..01 x g'l ']3_I0..'I "I_ION = N.4

_33_I0"I .'I0 _I]J.N3:3 = X

:)_-: 4: II II I# II .,

_ o
•,_ _ 0

0

I

z
0

M.

)
S

u
ol c
c _J

._

v L

C
r_
0

4..$

m _J

4-

0

-_.×

E U U

,d
I

.4

i,

'_----1 AIRESEARCH MANUFACTURING COMPANY
LO_Al_edes, _Idorna4

UNCLASSIFIED



UNCLASSIFIED

These particular load conditions occur simultaneously, producing the

governing structural design loads for the actuator support structure and legs.
The actuator loads during this case are summarized as follows:

Loads Tending to Open lb

Axial force 5_600

Bellows (mechanical) 200

Inne rbody seal 900

Actuator support structure bearings 2,790

Actuator friction I00

9 _ 590

Loads Tendin_ to Close

Bellows pressure force (O.OS-sec lagl

Net force required to close

1,400

8_190

This force is considerably less than the preceding design load; an approximate

8510-1b margin is allowed for minimum stall pressure.

The opening loads required by the spike actuator during flight are always

less than those during ground checkout of the engine. Loads that must be over-

come in ground checkout of the actuator are as follows:

Ib

Internal differential pressure across the 50

piston to unlock the actuator

Innerbody seal friction 500

Actuator support structure bearing friction I_040

Actuator friction lO0

Total force 1,690

The available force for maximum position rate is 7120 lb. The need to

provide for latching and snubbing determines piston area for the opening stroke

and results in a margin of 5430 Ib for opening.

_ AIRESEARCH MANUFACTURING COMPANYke_,Anll,lf_'_ CaIllOrma UNCLASSIFIED 72-8237
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5.2.2.1.2 Strut

The unsymmetrical inlet unstart condition creates the governing load

condition for the innerbody-outerbody strut design. Loads acting on the
innerbody spikes actuator_ and nozzle are shown on Figure 5.2-7a. Strut

design loads based on these loads are shown on Figure 5.2-7b. These design
loads are the result of deflection compatibility studies which take into

account the flexibility of the major engine components.

5.2.2.1.3 Innerbody/Outerbody Shells

Aerodynamic parameters of the innerbody/outerbody surfaces exposed to the

gas flow are shown in Figure 5.2-8 and Figure 5.2-9 for Mach 8_ q= = 2000 psfa_

ML = 6.5_qL = 3600 psfa condition. The static pressure profiles are repre-

senting this pressure load on the regeneratively cooled shells. Inertia loads

conform with Table 5.2-I. The effects of vibration are 3.0 g load in any
direction.

5.2.2.1.4 Mounting Frame

The design loads for the mounting frame stress analysis are described

in para. 5.5.8.1.

5.2.2.1.5 Ablatively Cooled Cowl

Aerodynamic pressures acting on the cowl were integrated over four seg-

ments of the shell_ and the three most significant cases are listed on

Figure 5.2-I0a. A shockwave starting from the leading edge of the X-IS lower

vertical stabilizer creates a localized high pressure area shown on Figure

5.2-I0b. The weight of the ablatively coated (Martin Company MA-25S ablative)

cowl is calculated as 64.8 lb. The temperature of the cowl will not exceed
600°F.

5.2.2.1.6 Fuel Control Valves

The three fuel control valves are mounted 120-deg apart to the No. 2 fuel

injector manifold of the innerbody. Since the spike is retractable_ the

piping connection from the spike coolant-outlet manifold to the collector

manifold_ and from the No. I fuel injector manifold in the spike to the No. I

fuel control valve require bellows to absorb the total spike stroke.

Two bellows connect the spike and the control valve collector manifold

system. The first, connecting the spike coolant-outlet manifold_ produces

1353 lb total thrust load_ and the second_ connecting the No. I injector

manifold produces 1027 lb total thrust load. Both loads are in the engine
axial direction (X-axis). These thrust loads are due to pressure forces act-

ing on the bellows and the 40-1b/in. force required to compress the bellows
5.3 in.

_ AIRESEARCH MANUFACTURING COMPANY_._ AqeN, s.
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FAx

NOTES: I° ONLY LOADS ON SPIKE, ACTUATOR_ F - VIBRATION LOAD

INNERBODY AND NOZZLE ARE SHOWN Fv - FRAME ACCELERATION LOADI
FA AERODYNAMIC PRESSURE LOAD

a. OUTER-INNERBODY STRUTS CRITICAL LOAD CONDITION (CRITICAL A-_3_I
FLIGHT CONDITION: TP_NSIENT, UNSYMMETRIC UNSTART)

X I

+FZ, SHELL

FWD

OUTER

REACTION SHELL (.0)

FX, (LB)

Fy, {L8)

FZ, (LB)

MX, (IN. L8)

My, (IN. LB)

MI, (IN. LB)

-4333

16072

8116

53333

8901

-15930

I

INNER SHELL_

INNER / f

S.ELL (X.J
4333_

-16072

-8116

-53333

4867

20196

b. STRUT DESIGN LOADS

A-3M59

Figure 5.2-7 Strut Design Loads
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b. OUTERBODY MACH 8 AERODYNAMIC PARAMETERS
F-15299

Figure 5.2-8. Innerbody-Outerbody Aerodynamic Parameters

_ AIRESEARCH MANUFACTURING COMPANYLm, A_lecet, Cal_t_l

UNCLASSIFIED 72-8257

Page 5-_2



UNCLASSIFIED

9O

BO

7O
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4o

30

2O

I0

NOTES

I. Mm = 8,0

2. M L = 6.5

/
TO STAG /

/

5°
= 2000 PSIA 4. L.E. LIP
= 3bOO PSIA S. L.E. LIP

I

/ VELOC I TY

L.E. LIP AT 56.2 IN.
STAG PRESS - 91.2 PSIA

TOTAL ENTHALPY - 1333 BTU/LB

NO STE. [ CASE ,

o o

0
3e

/

/
/

4O

OUTER BODY L.E.

/

_I_ OUTER SHELL

T f

STAT IC PRESSURE

44 48 52 56

STEP CASE
BASE PRESS = 0.05 PSIA

SEE (b) BELOW FOR DETAILS 7

82

NO

I_ J
I- -I

_OOUTER BODY T.E.

6O 64 68 72 70

78

74

70

66

TO STAG X, INCHES FROM SPIKE

62

a. ESTIMATED OUTERBODY MACH 8 AERODYNAMIC PARAMETERS

58

54

5o

46
80

o
x

._J

EXPANSION FAN

BOUNDARY _YER //_

"/// ....... _ ...... /tjT__..-sToI-T- JET

o.B,_,_ "'_x.__"_ s.ocK--,,

P,-O.OSP_,A I _............ P......
P4 " 0.615 PSlA _ _56 IN. _I= 1.9_ IN._
BASE PRESSURE P2 = 0.05 PSIA

A-_2 t38

b. DEVIL FLOWFIELD AROUND THE STEP CONFIGU_TION

S-72695

Figure 5.2-90uterbody Aerodynamic Parameters
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In addition to these mechanical loads_ a 20-g load was applied to each

valve at its c.g. location. This load was separately applied in the axial,

vertical_ and lateral axes in combination with the bellows forces. The

most severe thermal stresses are caused by the condition when the temperature
difference between the No. I and No. 3 fuel control valve is 1205°F.

5.2.2.1.7 Spike Bellows

The spike bellows will perform two principle functions: II) it is a

seal between the air_ or combustion gases_ and the innerbody; and (2) it forms

an annular cavity with the spike which is used as a piston to assist the

actuator during inlet unstart. In the event of an unstart_ the static pres-

sure at Station XX = 44.6 will provide a maximum axial thrust of approximately

2000 Ib to aid the actuator extension stroke. This axial thrust magnitude is

based upon a static pressure of 70 psi in the bellows cavity.

The bellows must be adequate to sustain stresses due to applied pressure

and due to actuator stroke. The maximum operating pressure in the bellows-

spike cavity has been established as 80 psi at a maximum operating temperature

of 1200°F for design. The total available actuator stroke of 5.3 in. has been

used to determine bellows deflection stresses.

Since the engine is designed for one restart per test, two full bellows

cycles per engine cycle are possible. In order to safeguard against bellows

failure during the rated life of the engine IIO0 test cycles)_ the bellows

minimum life has been specified as 500 cycles.

Bellows spring rate is another parameter that must be carefully controlled.

Accordingly, the total bellows force to produce full stroke was limited to

1900 lb. For the rated bellows stroke of 5.3 in._ this results in a spring

rate limitation of 360 Ib/in.

5.2.2.1.8 Spike Actuator

Allowable deflections rather than stresses governed the structural design

of the spike actuator assembly.

The aft portion of the outer housing and the array of support legs were

analyzed with the MIT STRUDL space-frame computer program. The front portion

of the outer housing and the inner shell structure were analyzed using ordinary

beam calculations. The front conical portion of the inner shell was checked

by a straightforward membrane analysis. The gusseting and thickness of the

support leg mounting-pads were sized on the basis of the computed load flow.

The peak stress in the actuator was determined to be 58_000 psi. Allow-

ing for a 1.5 stress concentration factor due to localized filleting effects_

cutouts_ and any other irregularity, the peak actual stress should not exceed

90_000 psi. The actuator structure is constructed from AISI type 4340 steel

with a heat-treat procedure to attain minimum strength properties in excess

of 132_000 psi for fty and 170jO00 psi for ftu" This leads to an allowable

stress of II2_O00 psi_ which still provides an adequate safety margin for the
structure of 0.25.
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5.2.2.1.9 Strut Attachment

The attachment margins of safety for the critical loads as previously

shown in Figure 5.2-8 are indicated below. They are based on a design which

incorporates heavier ribs and a forward manifold.

Element Stressz psi Margin of Safety

Rib, aft end

Socket, aft end

Rib_ forward end

Manifold, forward

51_700 0.27

59,800 0.01

31_400 0.10

26_400 0.15

Another analysis utilizing a more complete model indicated higher shear

loads on the studs which attach the strut to the outer shell than had pre-

viously been considered. The stud pattern was reanalyzed_ assuming that

(I) a coefficient of friction equal to 0.20 existed between the strut flange

and the socket_ and (2) the studs were torqued up to develop 85 percent of

their yield load. The minimum shear margin of safety occurs at the aft-most

stud and is equal to 0.02.

5.2.2.1.10 Engine-Mount Manifolds

The engine-mount manifolds were stress-analyzed for the design loads as

indicated in Figure 5.2-II. For in-plane loads, a simple conservative model

was used. It was assumed that the manifolds are very rigid compared with

skin, i.e., the effects of ring and skin deformation were neglected. For

out-of-plane forces on the forward mount_ the model used was a beam on an

elastic foundation. The beam moment of inertia equals that of the manifold

about a radial axis, and the foundation modulus is based on the axial shell

flexibility between the support manifold and the adjacent manifold just aft

of it. The solution of the out-of-plane bending stresses for the longitudinal

input vibration condition is given in Figure 5.2-II, and the results of the

analysis are shown in Table 5.2-3.

5.2.2.1.II Ablatively Cooled Cowl

The stress analysis of several different cowl design configurations

revealed that the selection of the proper design configuration is primarily

governed by deflection limitations.

The recommended geometry consists of a O.040-in.-thick beaded Hastelloy X

shell supported by two hat section rings and stiffened by two rings at the

leading and trailing edge. These are needed to prevent local buckling of the

cowl shell from the front edge to the front stiffening ring and from the aft

stiffening ring to the aft edge of the cowl.

The maximum deflection of the beaded panels between the rings is 0. I in.

The design of the ring is governed by the deflection criteria and the stresses

are quite loW(Obending = 7400 psi, Caxia I = 1600 psi). All of these values

were computed using elastic properties of the materials at 600°F and neglecting

the stiffness contribution of the ablative coating.
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t'x

4
I --0.8896 IN.

Y 5
Z = 0.684 IN.

Y

P/2 .
M(z)= _--_-[i+ e-XX(cos Xx - sin kx)]

where M = moment in beam (in.-Ib)

X = characteristic of system (in. -I)

=_/k/4EIy

A-338A9

and

k = foundation modulus (Ib per sq in.)

EI = beam flexural rigidity (Ib per sq in.)
Y

k =T-AE = (0.15 x I)1.0(27 x 1061 = 4.05 x I0 0 lb per in.

4.05 106
X = V_'/4EI = ./

x

y v4 x 27 x 106 (0.8896i = 0.452

Figure 5.2-II. Engine-Mount Manifolds Stress Analysis
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SUMMARY OF

TABLE 5.2-3

ENGINE-MOUNT MANIFOLDS STRESS ANALYSIS

GEOMETRY

DESIGN TEMPERATURE (°F)

ALLOWABLE STRESS (PSl)

MINIMUM SECTION

MODULUS (IN. 3)

CRITICAL FLIGHT

CONDITION (UNSYMMETRICAL,

UNSTART)

MAXIMUM STRESS (PSl)
MARGIN OF SAFETY

CRITICAL VIBRATION
QUALIFICATION CONDITION

LONGITUDINAL INPUT
MAXIMUM STRESS (PSI)
MARGIN OF SAFETY

LATERAL INPUT

MAXIMUM STRESS (PSI)

MARGIN OF SAFETY

FORWARD MOUNT I@,NIFOLD

t I

REINFORCED

AR EA

1140

3460O

0.747

54500
0.0

UNRE INFORC ED

AREA

i 140

34600

O. 452

51610
0.09

31520
0.10

23100

O. 50

28810
0,20

31680

0.09

A-3M61

AFT MOUNT MANIFOLD

R  'giNF

REINFORCED

AREA

I00

43200

0.472

42040
0.05

41050

0.05

UNRE I NFORC El:
AREA

I00

4520O

0.353

14180
2.05

25760
0.68

39480

0.09
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5.2.2.1.12 Suspension Frame

The structural design and stress analysis results of the suspension frame

are described in para. 5.5.8.2.

5.2.2.1.13 Fuel Control Valves

The fuel valve system was treated as a space-frame_ supported externally

at twelve points (the valve mounting bracket attachments to the No. 2 fuel

injector manifold); loaded externally at five points with the design loads in

three load cases; and loadeg externally at one point with the proof-pressure

load in one load-case. An idealized model of this frame is shown in Figure

5.2-12. Joints I to 4 and 9 to 12 are fixed supports_ while joints 5 to 8

are fixed against lateral movement, but allowed to slide in the Y-direction

(no support in Y-direction). Axial (Z-directional) forces are applied at

joints 27 and 37 in three cases_ and axial force is applied at joint 27 only

in the fourth case. Axial, vertical and horizontal forces were applied at

joints 33_ 34, and 35_ in Cases I_ 2_ and 3_ respectively. These represent

the acceleration loads acting on the valves.

Members 19 and 42 are rigid members to represent the physical geometry of

the valve bodies. The max[mum stresses and the safety margins against allow-
able stress for each member are as follows:

Member Critical Load Safety
o

Number Combi nation max Marqin

9 I I 8_ 900 O. 75

5 I 21 _500 O. 55

I 5 I 20_ 700 O. 60

4 2 I 4_ 600 I . 28

5 2 I 9 _600 O. 70

I 5 2 20_ 700 O. 60

5 4 26 _700 O. 66

15 4 29_300 O. 52

These results for loading Cases I, 2, and 3 are based on the governing

allowable stress for Hastelloy X at 1240°F (II40 ° + IO0 ° overtemperature

allowance) being 0.85 x Fty = 33_200 psi_ and on the STRESS computer program
output results.

The fourth case represents the proof-test condition for the spike-cooling

system. In loading Case 4_ only the spike coolant bellows is pressurized to

I050 psi_ and the governing allowable stress for HasteIIoy X at room tempera-

ture was used (0.85 x Fty = 44,400 psi). Forces and moments used are also

taken from the STRESS computer program output.
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5.2.2.1.14 Spike Bellows Analysis

Stresses due to pressure and stroke were computed in the four different

designs submitted by vendors. The results of the analysis are tabulated on

Table 5.2-4. Alternates 2, 3_ and 4 were found acceptable and a slightly
modified version of the design submitted by Vendor 2 was used.

5.2.2.2 Pressure Containment

5.2.2.2.1 Fins

The design objective for all of the plate-fin shell assemblies was the

attainment of the desired design life of IO hours based upon 700 psi contain-

ment capability at operating maximum fin temperatures at the M8 I local) design

point. An overtemperature allowance of IO0°F has also been employed to account

for short duration transients and to allow for deviation between calculated

and actual operating metal temperatures. In all cases_ the fin strength

efficiency factor (v) of 0.333 has been used to determine fin pressure capa-

bility for both the short time and for the elevated temperature conditions.

It is known from actual pressure tests that the fins will perform somewhat
better than this.

Fin stresses have been computed by first determining the ratio of pres-

sure area to nominal fin metal area. This quantity has been denoted as the

"fin stress multiplier."

FIN STRESS MULTIPLIER -
I

Ntfi n

where N = fins per inch

tfi n = fin thickness

This quantity is therefore equal to the ratio of nominal fin stress divided

by applied internal pressure. The maximum fin stress is then the "fin stress

multiplier" divided by the fin strength efficiency. The expression for maxi-

mum fin stress due to internal pressure is:

)ofi n - _ Ntfi n

The stress criteria for each particular fin has been to use the lesser
value of

Gal 1 = 0.85 x c0.2
Y

Oal 1 = 0.667 x c_lO hr. Tupture
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!

at the fin design temperature. Margin of safety for each fin has been com-

puted by comparing the operating stress to the allowable stress:

_all
M.S .... I

op

A complete tabulation of fin stresses and margins of safety is presented in

Table 5.2-5_ including fin allowable stresses_ fin stresses at 700 psi internal

pressure_ and fin temperature data.

All shells at the subassembly and final assembly levels (i.e._ after the

installation of manifolds) were subjected to proof pressures of I050 psi.

This test pressure in general was inadequate to confirm shell containment

strength of the various shell assemblies. Prior to the addition of manifolds

each shell assembly was pressurized to provide a realistic evaluation of shell-

fin assemblies without inducing damage in a sound part. Experience on the

sub-element panels has shown that this higher proof pressure is required to

pinpoint local braze voids which could subsequently cause premature failure

under creep-rupture or thermal cycling conditions. This would permit possible

repairs to locally defective shells in some instances_ and it would also per-

mit timely rejection of nonrepairable defective shells prior to additional

fabrication steps.

The room temperature 0.2 percent yield offset strength of 52_400 for

Hastelloy X was used to compute the yield pressures of the various fins. Then_

by direct scaledown_ the pressures to produce 0.85 x c70.2y were also calcula-

ted. These latter pressures could safely be applied to perfectly brazed shells

without producing permanent deformations of the fins or shells. The results

of these calculations are summarized in Table 5.2-6. A final column is shown

in this table listing the recommended proof pressures.

For the nozzle_ the forward leading edge section and the forward spike

section_ the room temperature pressures to produce equal safety margins at

0.2 percent yield stress compared to operating conditions were all quite low_

and in fact less than I050 psi. Rather than use these low values_ target

proof pressures corresponding to 85 percent of OO.2y were established.

These pressure magnitudes would not damage well-brazed shells_ but they would

materially aid in locating braze voids. In any case_ a minimum proof pressure

of I050 psi was applied to each of these shells to verify usability at their

respective design conditions.

The innerbody_ outer shell_ and the aft spike all operate at high tempera-

tures at their most critical locations. All of these shell assemblies utilize 28

fins per inch_ O.O06-in. thick structure. At room temperature_ the pressure to

reach 85 percent of_o.2y would be 3000 psi. The pressures at room temperature

corresponding to the operating safety margins ranged from 1840 to 2170 psi.

A room temperature proof-pressure target of 2200 psi was selected for these

shells. This pressure level was sufficient to verify shell strength capability

or to locate any braze voids that would seriously degrade containment

pe rfo rma nce.
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TABLE 5.2-6

SHELL PROOF-PRESSURE TARGETS

Shell

Location

Pressure
to

o 0 .2y,

psi

Pressure

to

0.85 _0.2y_

psi

(M.'_. + I)Pressu re

to OO.2y _

psi

Ta rge t
Proof

Pressure_

psi

Nozzle 2380 2020 940 2000

Innerbody 3530 3000 2170 2200

Outer 3530 3000 1840 2200

Shell

1520 1290 850 t200

2380

1860

Leading Edge

Tip

Leading Edge
Shell

2020

1580

3000

Forward

Spike

Aft

Spike

1040

900

18403530

1800

1500

2200

Strut 1520 1290 1280 1300

eAccounts for fin-strength efficiency factor
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For the aft section of the leading edge, a target proof pressure of

1800 psi was chosen, which is nearly the room temperature pressure to produce

85 percent of the yield stress. Finally_ the strut calculation indicated that

a target proof pressure of 1500 psi was appropriate.

It had already been experimentally determined that fin-voids as small as

a single fin could be detected for the range of fin spacings used in these

shells by pressures ranging from 800 to 1400 psi. For the inner shell, outer

shell, and the aft spike, pressurization to the target proof pressure of

2200 psi without cracking the Stress Coat would provide positive assurance of

completely successful brazing, (i.e., zero voids). In the event of voids,

Stress Coat cracking will occur before reaching 2200 psi, and the pressure

required to initiate cracks will provide a direct measure of void size and

pressure containment degradation in the immediate void areas. Each of these

three shells (inner shell, outer shell, aft spike) will actually operate with

substantial axial temperature rises_ whereas the computed safety margins shown
in Table 5.2-5 apply only for the hot end-fin temperature. If voids were

detected in the colder operating zones of these shells during the proof test,

they did not necessarily locally degrade the containment capability for opera-

tional purposes_ but they may have prevented achievement of the target proof

pressures. The desirable minimum pressure to confirm shell suitability would

then be 1500 psi in order to locate potential braze voids at the hot end of
each shell during operation.

Due to the increased fin spacing in the leading edge shell as well as

lower operating temperatures and higher calculated safety margins, a minimum

proof test pressure of 1200 psi would locate a single braze void and would

constitute a sufficient test to verify suitability. Similarly_ 1200 psi would

also suffice for the strut. As previously noted in this section, satisfactory

passing of a minimum I050 psi proof pressure was adequate verification for thc:

nozzle, leading edge tip, and forward spike shells.

5.2.2.2.2 Manifold

The regeneratively cooled shells of the HRE are stiffened by several

manifolds. These manifolds distribute or collect the coolant, and also serve

as reinforcing or supporting members to the shells. Figure 5.2-13 gives the

location and the identification of those manifolds which fulfill a dual pur-

pose of structural supporting or stiffening elements and coolant containers.

All of these manifold rings are fabricated from Hastelloy X material. All of

the coolant manifold rings must contain the 700-psi operating pressure at the

operating temperature of each ring. The pressure-containment capability will

be verified by pressure testing each ring at 1.5 x 700 = I050 psi at room

temperature, after the manifold is brazed to the shell. Space limitations,

feasibility of fabrication and assembly, strength, and stiffness considerations

dictated the design of each cross section. These sections, shown in Figure

5.2-14 are not necessarily the optimum shapes for pressure containment, but

they represent the best compromise to satisfy each of the design requirements.

Table 5.2-7 shows the cross-sectional areas and the moments of inertia of each

significant cross section of every ring.
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Each manifold cross section was considered to be a rigid-plane frame.

The effect of the curvature perpendicular to the plane of the cross section

was neglected. Uniform loads of 700 Ib/sq in. and I050 Ib/sq in. were applied
to each member surrounding the coolant containment areas. The idealized struc-

tures were analyzed using the MIT STRUDL program. This program computes the

stresses in each member at several points and lists the magnitude and location
of the maximum stress. The geometry of most of the cross sections is such that

substantial bending stresses were developed. Since the method of stiffness

analysis used by the STRUDL program is a linear, elastic, static small-

displacement-frame analysis, the results were conservative. As a basic require-

ment, allowable stresses in the prime structural components, including the

manifolds, were limited to 0.85 x 0.2 percent yield strength. If plastic

deformation is allowed to occur, test data reported in Reference 5. I-I shows a

containment capability of 3000 psi for IO00 cycles in the nozzle coolant outlet

manifold (M.S. = 0.03 at 700 psi for elastic analysis).

Maximum stresses due to 700-psi coolant pressure are also shown on

Table 5.2-7. Injection manifolds are rated at the same pressure, even though

maximum injection pressures are always less than 400 psi. The fifth column

of the table shows the bulk metal temperature of each manifold. Allowable

stresses are listed in the sixth column, based on 85 percent of the 0.2 percent

yield strength (0.85 Fry ) of the Hastelloy X material at the bulk temperature

of the metal. These values were always lower than two-thlrds of the ultimate

strength (0.667 Ftu ) at elevated temperature. Safety margins, calculated as

M. So --

O.85
Fry- 1.0 are listed in the last column.

max

All safety margins are

positive, indicating that manifold pressure containment is not a problem.

Maximum stresses due to coolant containment are rather low in the support

manifolds, but these manifolds will carry sizeable additional aerodynamic and
inertia loads.

5.2.3 Low-Cycle Fatique

Differential temperatures between the hot skin and the prime load carry-

ing structure of the engine lead to the generation of stresses in the hot skin

well beyond the material yield strength. For Hastelloy X plate-fin construc-

tion, repeated cycling with differential temperatures in excess of 400°F will

cause a plastic strain loop to occur during each cycle, and for the cyclic life
to be finite.

Figure 5.2-15 shows a typical temperature-time history, the stress history,

and the resulting plastic stress-strain loop that would occur in an operating

cycle. The hot skin starts each cycle in a state of residual compressive

stress from the previous usage cycle. At point 0 in all three figures, the
temperature is the same in both the prime structure and the heated surface.

As the heat load is applied, the hot skin develops a large temperature increase

relative to the prime structure. The rate at which the heat load is applied

determines when the maximum AT occurs. The maximum compressive stress and

strain occur at point _ in the cycle when the maximum positive A.T is achieved.
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The increase in compressive stress from point C) to point (_ is small

because the hot skin will generally be past the knee of the stress-strain

curve at the start of each operating cycle Immediately after the heat load

is removed entirely or reduced in intensity_ the hot skin stresses decrease

rapidly, go through zero, and achieve peak tensile values at point 0' the time

at which the maximum _T reversal takes place. For some parts of the engine, the

cooldown is relatively slow, and no reversal in AT occurs. In the combustor

section, the heat load can be rapidly removed, and it is possible to develop

an appreciable negative AT.

For the loop illustrated in Figure 5.2-15, the total AT is the summation

of the positive and negative _T's during the full operating cycle. The cycle

life is related to the plastic loop caused by the total AT. The design goal

of I00 cycles at 800 ° AT was based upon peak steady-state conditions.

The quantity of interest is the plastic strain amplitude Aep, which is a

direct measure of thermal fatigue damage during each usage cycle. The stresses

and strains are determined by the differential expansion history during each

cycle. In the actual calculations the expansion data as a function of tempera-

ture is used for this calculation. Since the expansion coefficient of

Hastelloy X increases with increased temperature, AT differences produce much

more differential growth at elevated temperatures, and hence larger plastic

strain loops. For instance, the differential growth from 70 ° to B70°F is

0.0066 in./in., whereas from 8000 to 1600°F the differential expansion is

0.00785 in./in. The engine design is based upon this latter magnitude.

5 2 3 I Basic Approach

The basic formulation for low cycle fatigue analysis relates cycles-to-

failure to material ductility and plastic strain range. The expression is

k
N = C/A¢

P

where N = cycles to failure

4¢ = plastic strain range
P

C = ductility constant

k = exponent _ 2

The ductility constant is related to material reduction of area (RA) in

the fabricated form, which takes into account material thickness and manufac-

turing processes such as forming, brazing_ welding_ and annealing. The plastic

strain range is determined from the total applied strain and accounts for

multi-axial effects, elastic strain of the hot skin_ elastic strain of the

prime structure and local strain concentration effects. A value of 2.0 for

the exponent, k, was found to be valid over the strain ranges of interest for

Hastelloy X.
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The data from the mechanical bending tests on plate-fin specimens con-

structed with Palniro I braze alloy are illustrated in Figure 5.2-16. The

tests were conducted at RT_ 1540°F_ and 1540°F. It can be seen that operation

at elevated temperature leads to reduced life. This is due to reduced ductil[ty_

reduced strength_ and material creep. Material creep at elevated temperature

uses up a portion of the creep-rupture life. In addition_ the plastic flow

due to creep relaxation of thermal stress leads to an increase in plastic

strain range for the same magnitude of total applied strain range. It can be

noted from Figure 5.2-16 that the measured cyclic life at 1540°F is not appre-

ciably reduced from the 1340°F results. Although the creep effects are

increased at the higher temperature_ this has been substantially offset by the

improved ductility for Palniro I- coated Hastelloy X at 1540°F (RA = 34 percent)
as compared to 1340°F (RA = 29 percent).

In an operational thermal cycle the compressive plastic strain essentially

takes place at elevated temperature_ while the tensile strain occurs during

cooldown of the hot skin. An average line has been constructed in Figure

5.2-16 to be representative of the overall behavior during each thermal cycle.

For purposes of data reduction_ the effects of creep and ductility variations

have been absorbed into the ductility constant (C). The effective ductility

constant is 0.150 at RT_ and for a thermal cycle with a maximum cycle tempera-

ture of 1340°F (1800°R) to 1540°F (2000°R)_ the effective ductility constant is

0. I00. Over the temperature range from RT to 1340°F (1800°R)_ the ductility

constant is taken to decrease as a straight line function of temperature. A

plot of (C) vs temperature and the effect of temperature on cycles-to-failure

is illustrated on Figure 5.2-17.

The introduction of elevated temperature effects into the basic low-cycle

fatigue formula leads to the formulas for fatigue life given below.

N =

ITmax-s3° R)2]
0.150- 0.050 1"270

I 800°R
A ¢ ' Tma x

<:

P

2
N --F°-.!°°l

[a_p J ;J8OO°R _ Tmax
< 2060°R

The first formula is valid over the temperature range from RT to 1340°F (1800°R),

and it accounts for the linear reduction in ductility constant over this range.

The second formula is valid over the temperature range from 1340°F (1800°R)

to 1600°F (2060°R). The maximum metal temperature during the entire test cycle

is denoted by T
max"

An expression was developed to convert the applied total differential

expansion of the hot skin directly into plastic strain. The expression makes

allowance for the biaxial effects_ hot skin elastic stralns_ and cold skin

elastic strains. This takes the form of a linear function as follows

A¢ = -0.0050 + 1.75 _ (O_ AT)
P
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where the differential expansion is the summation of the positive and negative

differential expansions between the hot skin and the prime structure. This

linear formula is valid for total thermal expansions ranging from 0.005 in./in.
to 0.0200 in./in.

5.2.3.2 Engine Faticjue Life

The design objective for the engine was a life of at least I00 operating

cycles at the Mach 8 design point. This was based upon a maximum hot skin metal

temperature of 1600°F at a AT of 800°F between the hot skin and the prime struc-

ture. From the mechanical plate-fin test data, and the thermal fatigue flat

panel test results described in Section 8.3.3 of this report, the calculated

hot skin life was determined to be 136 cycles. Other critical areas of the

engine such as the cowl leading edge and the struts have also been analyzed,

and these results are discussed in the report sections that treat these

components.

5.3 ENGINE STRUCTURAL DYNAMICS

5.3.1 Objectives

The main objective of the analysis was to develop a suitable mathematical

model of the engine structure to compute structural response for various types

of loadings. This analysis involved computation of resonant frequencies, mode

shapes, and response to sinusoidal inputs at the engine attachment points to

the X-ISA-2. Basically the mathematical model had to be a simplified analog

of the actual structure. There had to be sufficient dynamic similitude to

compute the response of critical engine component parts.

The main area of concern was the dynamic response for low frequency inputs

to the HRE. The analysis model that was selected produced an accurate descrip-

tion of total system mass, system mass distribution, and flexibility between

the major mass elements. This approach produced a dynamic matrix size appre-

ciably larger than the number of significant resonant frequencies and mode

shapes. The reason for the large matrix size was to obtain good accuracy for

the lower structural frequencies. The higher frequencies and mode shapes

obtained from this computation have no significance. The analysis results were

to have been used in conjunction with an engine vibrational test model to con-

firm design adequacy of the actual engine structure.

Whereas calculation of engine overall mass properties was relatively easy_

the determination of system flexibility between the distributed mass elements

of the engine was recognized to be more difficult. The structural model was

modified several times during the program before a suitable representation of

engine structure was obtained.

The principle difficulty in predicting the amplitudes of structural

response to dynamic inputs at or near resonant frequencies is largely due to

the difficulty in estimating structural damping. The test results from the

vibrational test model were expected to yield valuable data in connection with

this problem. In order to evaluate damping coefficients_ it was necessary to
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have good information for mode shapes. Since there would be several sTgnlficant

structural resonant frequencies_ it was thought to be possible to obtain rea-

sonable estimates of local damping between the major structural elements by

using the test response information and comparing this data to the computer
results from the mathematical model.

With the combined data from the dynamic analysis model and the vibrational

test model_ calculations were to have been made on the critical joint connec-

tions in the HRE due to sinusoidal and random input loading as well as for

static loads.

The engine structural design loads have been summarized in Section 5.2.

The engine design had to be adequate for a variety of load conditions. The

design had to satisfy combined external aerodynamic acceleration and vibratory

loads during flight as well as engine operation in the X-ISA-2 flow field with

axisymmetric and asymmetric inlet unstarts. The controlling design load condi-

tion varies from part to part; however_ it was determined that loads due to

maximum operating conditions were closely comparable to the loads generated

from the Statement of Work qualification vibration inputs at the engine suspen-

sion frame attachment points.

The estimated longitudinal axial load factor due to the qualification

vibration inputs was assumed to be a 20-g longitudinal response for the entire

engine for a 3-g input. The output response for lateral and vertical inputs

of 3 g was estimated to be 7.5 g for the outerbody_ innerbody_ and actuator,

and 20 g for the spike. If the actual engine were to have critical resonances

within the qualification test frequency range and the amplification factors

proved to be appreciably higher than these estimates_ the structural loads

applied to the engine would be significantly higher during the qualification

testing than those imposed by the operating conditions. Therefore_ an impor-

tant objective of the analysis and testing program was to assess the validity

of the qualification test levels as a realistic measure of structural adequacy.

5.3.2 Approach

The analysis approach was to treat the engine as a system of elastically

connected rigid-mass elements. Each rigid-mass element has 6 deg of freedom

to describe the three displacement and rotational elements of motion_ and the

total number of degrees of freedom in the dynamic model will then be 6-times

the number of mass elements selected to represent the engine structure. In

order to achieve a suitable representation of mass distribution and of elastic

coupling between different regions of the engine_ the final dynamic model con-

sisted of twelve discrete lumped masses. This resulted in a 72-deg-of-freedom

system_ but by virtue of the engine axisymmetric configuration and mass distri-

bution_ the in-plane and out-of-plane responses were independent of each other.

Hence_ the 72-deg-of-freedom problem reduced to two 36-deg-of-freedom calcula-

tions. Despite the relatively large number of mass elements_ great simplicity

was accomplished by choosing discrete elements that permitted the greatest

ease of definition and computation.
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5.3.3 Analysis Model

A block diagram of the analysis model is shown in Figure 5.3-I, and a

sketch of the engine structure is shown in Figure 5.3-2. The mounting frame
is denoted as mass element No. I_ and it is shown with a flexible coupling to

relative ground and to element No. 2. Element No. 2 is the key component in
the entire model. It consists of the portion of the outer shell that runs from

the front mounting ring to the aft mounting ring_ and combines with the six

struts and the portion of inner shell from the inner manifold ring at the front
end of the struts to the aft m,nifold ring located at the aft end of the struts.

This multiple-ring ,construction is essentially rigidly connected radially by

the six struts_ and axially by the shear stiffness of the shell sections

between the rings. Element No. 3 is the trailing edge portion of the outer

shell. Element No. 4 is the nozzle structure. Element No. 5 is the leading

edge portion of the outer shell_ and element No. 6 is the fore portion of the
inner shell. The aft spike, spike mounting cone_ and the fore spike are con-

sidered as separate elements_ and they are denoted as element Nos. 7_ 8_ and 9

respectively. The inner actuator and outer actuator parts have been separated

and are denoted as element Nos. I0 and II respectively. Finally_ element No. 12
is the control computer.

The mass properties of each element included all equipment rigidly

attached to the element. The flexibility properties between the elements

were intended to account for the flexibility of connecting members between

the elements as well as local flexibility of the mass elements themselves.

The mass properties of the entire engine would be represented by two separate

36 x 36 diagonal matrices representing the in-plane and out-of-plane mass

properties respectively. The 36 x 36 in-plane and out-of-plane flexibility

matrices were to be obtained by expansion of the individual 3 x 3 in-plane

and out-of-plane flexibility matrices of each element in accordance with the
location of the interconnections between the elements. Work on the total

development of these matrices was discontinued prior to the completion of this

analysis.

The system of axes chosen for the analysis was oriented with the x-axis

directed in the longitudinal engine direction_ the y-axis directed in the

engine transverse (i.e._ lateral) directionjand the z-axis directed in the

engine vertical li.e._ normal) direction. Both in-plane (x-z plane) and out-

of-plane (x-y plane) deformations can be written as

whe re

IV] = [A][Q]

iv] = 36 x I displacement matrix

[Q] = 36 x I force matrix

[A] = 36 x 36 flexibility matrix

The resonant frequencies of the system would then be obtained from the

eigenvalues of the dynamic matrices [A]EM]_ where

[M] = 36 x 36 diagonal mass matrix
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ISACS

SUSPENSION FRAME

®

S-40763-A

(_ SUSPENSION FRAME

(_) OUTER SHELL-STRUTS-INNER SHELL

(_ OUTER SHELL TRAILING EDGE

(_ NOZZLE

(_ OUTER SHELL LEADING EDGE

(_) FORE-INNER SHELL

(_ AFT-SPIKE SHELL

(_) SPIKE MOUNTING CONE

(_ FORE-SPIKE SHELL

(_ INLET SPIKE ACTUATION SYSTEM SUPPORT HOUSING

(_) INLET SPIKE ACTUATION SYSTEM SLIDE HOUSING

(_ CONTROL COMPUTER

Figure 5.5-2. Vibration Analysis Model
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5.3.4 Typical Dynamic Analysis

Vibration analysis for both the in-plane and out-of-plane responses was

carried out for the fore spike-aft spike-mounting cone assembly by treating

it to be fixed at the actuator end of the mounting cone. The output results

are shown on Table 5.3-I for the in-plane solution. The bending modes were

identical for both solutions, and the only differences that were noted was

the longitudinal mode for in-plane response and the torsional mode for out-of-

plane response. By comparison, the resonant frequency of the fore spike by

itself was previously determined to be 750 Hz. The spike cone assembly was

the only portion of the engine that might respond to vibrational input as

an individual component. This was an area of attention during the SAM test

program.

5.3.5 Engine Vibration Model

An engine vibration test model was designed during the program using

simulated components with equivalent inertia properties and flexibility

properties (where applicable) to the full scale engine components. Individual

structural members (struts, ring manifolds, actuator) were to be identical to

those used on the actual engine. This approach was adopted to expedite con-

struction of the model and to evaluate the principle structural members in the

engines independently of the development of the full scale plate-fin sandwich

shells. The main goal was the early resolution of potential problems under

vibration loading conditions.

5.3.5. I Test Ob ]ecti yes

Several important objectives were to have been satisfied with this test

program. These were:

• Determination of structural resonant frequencies and mode shapes

• Evaluation of amplification factors at these resonant frequencies

Evaluation of load flow through the outer shell/struts/inner

shell region.

• Measurement of stresses in the manifold ring structures

Determination of functional performance of spike actuation

system under applied load

• Verification of spike seal and bellows behavior

5.3.5 2 Design Approach

The approach taken in the design of the vibration test unit is summarized

in the following paragraphs. The engine vibration model was to be constructed
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TABLE 5.3-1

OUTPUT FOR SPIKE-MOUNTING CONE ASSEMBLY

{i"MOUNT [l_raCONE

I!'"FQRE SPliCE

6,

ti'"AFT SPIKE 8 =
Q =

C._TR45n CO

0.0

-n.3390qn-_t

0._12_49 oo

Ooh

-0.1_B7_-c|

0.1448q_ CO

0.0

-0.3_991D-01

n = 140 Mz

_IGFMVaLUE NO.

EIGFNVECTOU

? = 0.697C_9 _C

X 1 = 0.0

X 2 = 0.S0601r_ O0

X 1 = O.O

X 4 - 0.0

X S = O._IS06_ O0

X 6 = 0.0

X 7 - 0.0

X _ • 0.601860 Of}

X 9 = 0.0

TORSIONAL

m}DE

n = 193 HZ

EIGE_VALUF NO.

EIGFKVFCTnQ

I - O,ttte3D O0

X ! = 0,27755n O0

X 2 = 0.0

X 3 = 0.773019-0|

X 4 - -0,2__?q9 O0

X S = 0.0

_( b : 0.44_1D-0|

X 7 = O.92qRI r_ O0

X 8 • 0.0

x 9 • 0.4tl'30n-Ol

r_ = _.76 Hz

E | F,FNVAL UE NO.

F IGFNVCC Te'R

4 = 0.30573D-C1

X I = O.861q_n O0

X 2 = 0.0

X "_ = -0.6bqZ4II-OL

X 4 = O.lO_tgO O0

l( ¢, = 0.0

X 6 - 0.44244rl qO

x 7 = -O.L8_'gln O0

X F) = 0.0

x _' = -0.L0_tSq OC

n = 910 Mz

EIGENVALUI; NO. 5 - O.?AIO60-OI

F IC, E_VFF TFP

I( I = O.O
S-72599
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using both actual components and simulated structural elements; i.e., elements

with inertia properties and flexibility characteristics _where applicable) simi-

lar to those of the full-scale HRE components. The major individual structural

members, such as the struts_ manifold rings, wishbone frame_ thrust block,

rear engine mounts_ and spike actuator were to be actual full-scale hardware.

This approach allowed evaluation of most of the critical portions of the

engine structure during vibration and makes this effort independent of full-

scale multi-layer shell development. A sketch of the test unit is shown in

Figure 5.3-3.

The shell simulation was accomplished by the use of single-wall inner

and outer shells in place of the actual sandwich shells for the full-scale

HRE. The spike and nozzle shell assemblies were simulated by single-shell

assemblies that achieve suitable similitude for the mass_ cg and inertia

properties.

The actual spike bellows was to have been installed in the test unit_

and to have been connected to the spike simulator and the fore inner shell

simulator with flanges that closely resemble the full-scale HRE parts. The

spike seal-assembly and preload arrangement would also closely simulate the

full-scale HRE design. Other component parts of the engine, such as ducting,

valves_ and instrumentation packages would be simulated by metal parts that

duplicate component weights and cg locations in the full-scale HRE.

5.4 VIBRATION FIXTURE

A vibration fixture was designed and fabricated to test the engine vibra-

tion model. The fixture design and method of supporting the fixture were

studied in some detail. The mounting fixture was designed with sufficient

stiffness to preclude low frequency lateral bending response due to the com-

bined weight of the fixture and the engine model over the test frequency

range of IO Hz to 500 Hz. This was done to prevent excessive cross-talk

response in the direction normal to shaker input motion, and also to prevent

breakdown of the adhesive forces in the oil film between the bottom of the

fixture and the slip-table surface. This design feature was accomplished by

using a thick fixture, having a minimum thickness of I0 in. with an average

of not less than II in. at any cross-section. The design objective was to

obtain a fundamental lateral bending frequency in excess of 500 Hz.

5.4.1 Design Approach

The fixture was constructed from a solid block of cast K-IA magnesium

with overall dimensions of 67 in. long x 43 in. wide x 18 in. deep. A cavity

was machined out of the fixture to permit installation of the test engine on

elevated bosses. The recessed cavity provided space for equipment and plumb-

ing that would have been attached to the engine suspension frame.

In all cases, the fixture input motion would have been in the horizontal

direction. Vibration input to the three engine co-ordinate directions would

have been achieved by reorienting the engine on the fixture for each input

axis. Input in the engine longitudinal axis IX-axis) would have been produced

by installing the engine on the top surface of the fixture upside down on the
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suspension frame_ and by orienting the engine longitudinal axis to coincide

with the shaker input direction. The forward end of the spike was to be

pointed away from the shaker. For lateral input_ the engine would be rctated

90 deg from the position just described_ and this would align the engine

lateral axis (Y-axis) with the shaker input motion. Finally, for vibrational

input in engine vertical direction (Z-axis)_ the engine would be installed at

the far end of the fixture with the engine Z-axis aligned with the direction

of shaker input and the engine longitudinal axis _ligned along the width
direction of the fixture.

The weight of the finished magnesium block plus accessory hardware was

approximately 2000 lb. The flight engine_ including the suspension frame

and all equipment mounted from the frame_ would have been 900-I000 lb.

5.4.2 Vibration Response Analysis Method

Various problem areas were investigated to insure workability of the

fixture. The use of a team-bearing support system at the ends of the fixture

was considered first. Accordingly, the critical fixture lateral bending

modes were analyzed. The analysis was carried out first with the specimen

mass on top of the fixture and then with the specimen mass at the end of the

fixture. The following major assumptions were made:

a) For lateral modes, the test engine was treated as a rigid mass

attached to the fixture.

b) The test specimen did not add rigidity to the fixture.

c) With the engine mounted at the extreme end of the fixture_

the engine was assumed to be elastically coupled to the

fixture end using the estimated suspension frame and internal

engine flexibility.

The analysis was performed by using lumped-parameter models for the

several configurations. A computerized eigenvalue method was used to obtain

the resonant frequencies and mode shapes.

A schematic of the shaker fixture system is shown on Figure S.4-1. This

setup represents the installation with team bearings at locations A and B.

The figure is also equally applicable to an oil-film continuous support system

with restraining flexures at A. With the oil-film and flexure support_ the

additional lateral support introduced by the oil would slightly raise the

fundamental lateral frequencies_ but the mode shapes would be substantially

the same as with the team bearings. The principal advantages of the oil-film

support system would be the more uniform support afforded to the fixture and

the greater damping effectiveness.
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F I XTURE

A

ARMATURE

OF SHAKER

IMOTION

Figure 5.4-1. Shaker_ Fixture and Specimen Schematic -

Team Bearing Support or Oil Film With Flexures

Calculations were also performed for oil-film support without the use

of flexures. In this case the entire fixture load would be borne by the

continuous oil film that would be several mils thick. By neglecting the

support stiffness of the oil film_ the system would operate as a hinged free

beam structure as depicted in Figure 5.4-2. The analysis was conducted for

the three different engine orientations.

Ii

FIXTURE AND/

SPECIMEN

/_ _SHAKER

l/ARMATURE

Z_-"_HINGE POINT

Figure 5.4-2. Dynamic Structural Model with Oil Film Support
and Without Flexures

The longitudinal response characteristics of the fixture alone_ and the

fixture combined with an end-mounted test specimen were also investigated.

This was done to determine the force transmissibiIity from the shaker input

end out to the far end of the fixture. The analysis model is shown in

Figure 5.4-3. Mass elements W I and W4 represent the fixture, and W 5 plus W6

represented the engine in this structural model.
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I
I
[

TEST SPEC IMEN _

I I

I k 5 ,'---m k 4 _ k 3 _ k 2 ,_.__._, kl ,/ I

L J:HZ:CClJ-
Figure 5.4-3. Extensional-Mode Lumped-Parameter Model

5.4.3 Results and Conclusions

The lateral bending mode shapes for the team-bearing or the oil-film

supports with flexures are shown on Figure 5.4-4a and 5.4-4b, which represent

the engine on top of the fixture and the engine at the end of the fixture

respectively. With the engine on top of the fixture, the first two resonant

frequencies were 83 Hz and I035 Hz. With the engine at the end of the fixture

the first three resonant frequencies were I IO Hz, 513 Hz,and 1304 Hz.

In both cases, the first mode occurred within the test frequency range.

Due to the low resonant frequency, loading at the team-bearing supports would

have been excessively large, thus necessitating an oil-film slip-table mount-

ing system. The higher frequencies were outside the test range and of no

concern.

The additional analysis for an oil-film support system without the

flexures was carried out to determine whether the flexures could be deleted.

The analysis was carried out for the engine on top and at the end of the

fixture. In these various cases, the first resonant frequency ranged from

28 to 71 Hz with a hinged-free mode shape. The combination of the low

resonant frequency and the adverse mode shape was considered a serious problem

that could have led to fixture chatter and a heavy peeling load on the oil

film. It was concluded that flexures would be needed beyond the end of the

fixture to enforce a mode point at this location and to eliminate peel-away
or chatter.

Finally, the solution for longitudinal response was obtained. The total

engine weight of IO00 Ib was equally distributed between W5 and W 6 on

Figure 5.4-3 and stiffnesses of IO0,O00 Ib/in. were used for k5 and k6 repre-

senting the engine suspension frame and the internal engine springrates. The

first two resonant frequencies were 39 Hz and IOI Hz, and the mode shapes

indicated that these were test specimen resonant frequencies. The next two

response frequencies of 755 Hz and 2140 Hz were fixture-response resonances.

These were outside the test frequency range and would not have created a test

difficulty.
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SECOND MODE

FIXED END

SUPPORT

FIRST MODE

a. Engine on Top of Fixture

FIRST MODE

THIRD MODE

SECOND MODE

b. Engine at End of Fixture

Figure 5.4-4. Lateral Bending Mode Shape

Based on the analysis_ the fixture was shown to be adequate for the planned

test program. The analysis also demonstrated the need for a slip-table oil-

film test setup to be supplemented with flexures at the end of the test fixture

to prevent oil-film peeling.
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5.5 ENGINE COMPONENTS

5.5.1 Inlet Spike

5.5.1.1 Coollng Design and Analysis

5.5.1.1.1 S,pike Tip Cooling

The spike tip will be cooled with lO0°R hydrogen impinging on the inner

surface of the tip as shown in Figure 5.5-I. The impinging hydrogen is a

fixed 4.5-percent of the spike coolant rate and is routed in parallel with the

remainder of the spike flow in the region of the tip. The coolant flow con-

trol orifices were sized by calculating the pressure drop for the spike tip

route based on a flow of 0.02 lb per sec. To account for pressure drop cal-

culation uncertainties in complex passages with several turns and area changes,

the flow-control orifices were sized for twice the pressure loss calculated

for the tip route, which was based on a loss coefficient of 1.5. The design

pressure drop for the orifices is based on a more realistic loss coefficient,

2.8.

Placement of the flow control orifices for the spike at Station 4.0 was

based on pressure drop and fabrication considerations. To match the design

pressure drop in the tip, an adequate orifice area was needed for the main

flow to the spike cooling jacket. Forward of Station 4_ the small circumfer-

ence would not accommodate the number of holes (0.125 in. dia) necessary for

the total orifice area. If the flow control orifices were moved aft of Station

4_ the pressure drop in the spike is essentially unchanged. The pressure drop

in the fins is reduced, but the pressure drop in the spike tip is increased

by a comparable amount.

At Mach 8 local, 88,000-ft altitude_ the aerodynamic heat flux at the tip

stagnation point is 560 Btu/sec-ft 2 as calculated by the method of Fay and

Riddell (Reference 5.5-I). With an impinging hydrogen rate of 0.0295 Ib/sec

(4.5 percent of total spike coolant rate of 0.655 Ib/sec) a tip outer surface

temperature of 755°R was calculated. The corresponding inner surface temper-

ature of the tip is 325°R. The convective heat transfer coefficient for cooi-
2

ant hydrogen impinging on the inner surface was calculated at 2.6 Btu/sec-ft

from a correlation presented in Reference 5.5 -2.

When the inlet is closed at Mach 8_ 88,000-ft altitude_ the spike coolant

demand is 25 percent of that required during design point operation_ 0.655 lb/

sec. The spike tip flow rate will be 25 percent of 0.0295 Ib/sec_ or 0.0076

Ib/sec_ but the aerodynamic heating rate at the tip will be the same as with

inlet open and with combustion. At this condition_ the predicted outer surface

temperature is 1250°R and the inner surface temperature is lOlO°R.

5.5.1.1.2 S.pike Folded-Flow Section

The cooling design of the folded-flow section of the aft spike (Stations

XX = 46.00 to 55.76 in.) and analytical results for the Mach 8 local, 88,000-ft

altitude flight condition are presented in Figure 5.5-2. This double-sandwich

F'-_ AIRESEARCH I_ANUFAcTURINGcOI_PANY_A.,,,,.,c,,.,o,.,,= UNCLASSIFIED
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y,---\ counter flow design provides a means of exhausting hydrogen coo]ant from the

inner shell-overlapping portion of the spike. The hydrogen flow rate of 0.655

Ib/sec was selected to give maximum structural temperatures TMIDC _ TMIDH _ TH2 H

in Figure 5.5-2) of 1600°R at the end of the spike (Station XX = 55.76 in.) as

per the thermal design ground rules in Section 5.1. After making a 180-deg

turn and flowing through the inner passage of the double-sandwich section_ the

hydrogen is cooled down from 1600°R to 1350°R by heat transfer from the inner

to outer passage (TH2 H in Figure 5.5-2). This 250°R loss in available heat

sink requires a O.655-1b/sec rather than a O.546-1b/sec spike flow require-

ment with 1600°R outlet temperature_ as in the other f]ow routes. The hot wall

temperatures and hot wall-to-structure temperature differences are maintained

below 2060°R and 800°R_ respectively.

A transient thermal analysis of the spike folded-flow section was per-

formed at the start of the Mach 8 freestream (Mach 6.5 local) operating con-

dition. The primary object of the analysis was to determine the coolant flow-

rate-control method (outlet coolant temperature sensing or preprogrammed flow

rate scheduling) required to maintain metal temperatures at or be]ow accept-

able design limits. A second objective was to determine whether metal AT's

in the fo]ded-flow section during transient startup conditions exceeded the

design steady-state values. Results indicate that the spike coolant must be

preprogrammed to increase from 0.20 ]b/sec (the spike latched-closed value

prior to startup) to 0.78 ]b/sec (the steady-state operating value) within

0.80 sec after the start of spike retraction. When the coo]ant is scheduled

in this manner_ transient startup metal temperatures and _T's are no higher

than those reported for steady state.

5.5.1.2 Structural Desiqn and Analysis

The inlet spike is a regeneratively cooled shell structure. A lO-deg
cone forms the forward section between Station 1.189 and Station 27.259. The

next section_ up to Station 50.506 is a compound curved partx followed by an
almost straight cylindrical section. A truncated cone (reinforced with welded

stiffeners) attaches the spike to the actuator housing.

The spike was ana]yzed as a sandwich shel] with isotropic faces and an

orthotropic core. A structural model was prepared and analyzed using A. Kalnin_s

"Static_ Free Vibration and Stability Analysis of Thin_ Elastic Shells of
Revolution." (AFFDL-TR-08-144) computer program. The shell elements_ thick-

nesses_ and other details are shown in Figure 5.5-3.

Certain parts of the spike were known in advance to be ]ow-fatigue_ cycle-

limited. The fo]lowing problems were investigated during the design of the

spike:

(a) The effect of externa] pressures and temperatures due to

symmetrical hot gas flow.

(b) Stresses and deformations due to asymmetric inlet unstart.

(c) Pressure-containment capability of the coolant mani folds_passages_
etc.
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(d) Calculation of the expected cycle life where high thermal stresses

were present.

The inlet spike is exposed to the following loads:

(a) Aerodynamic: Pressure

Heating

(b)

(c)

Inertia

Environmental loads due to ground handling, fabrication, and
miscellaneous

These loads are presented in Section 5.2. A summary of the analytical results
is tabulated below:

Critical buckling pressure, psi

Buckling pressure load, psi

Safety factor against buckling

Shear stress, psi

Bending stress, psi

Hoop stress, psi

Cycles-to-fa i1 ure

Distance From Spike Tip, in.

66.5

I0.0

6.65

43.0 to

45.3
46.8 to
55.8

2020

2580

l

390, 000

169

102

I. 66

16, 900

2,000

211

74

2.85

55

36.4

1.51

i

23,100

Buckling strength and cycle life of the aft spike governed the design.

5.5.2 Inner Shell

5.5.2.1 Coolin 9 Design

Hardware changes, which improve the coolant hydrogen flow distribution

around the strut cutout headers in the inner shell as well as the outer shell,
were designed and are summarized in Figure 5.5-4. These were made

after hot gas strut test results (Section 8. I) showed local hot skin blackening

of the test support panels adjacent to the coolant cutout headers. The support

panels cooling design was similar to the previous inner and outer shell design.

In the previous design, coolant crossflow around the strut cutout header bars

was llmited by the finned surfaces adjacent to the header bars (28R-0.050-0. I00

(0)-0.006 offset fins). This created low coolant flow regions directly upstream
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Figure 5.5-4. Summary of Special Cooling Design Features of Inner Shell
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and downstream of the struts. Depending upon the amount of flow maldistribu-

tion and heat flux distribution, these low-flow regions could degrade thermal

fatigue performance. At ML = 6.5 (M_ = 8, B-B Iine)_ a heat flux spike of

900 Btu/sec ft 2 was predicted on the header bar_ while the average heat flux

on shell surfaces between the struts at this axial location is 350 and 500

Btu/sec ft 2, respectively, on the inner and outer shells.

To improve coolant flow distribution around the header bars_ two general

techniques were used, including (I) a reduction in flow resistance directly in

line with the struts, and (2) an increase in flow resistance in the finned

passages that are not in direct line with the struts. The criteria for adequate

flow distribution are (I) a coolant mass flux in the fins directly in line with

the struts that is approximately equal to the mass flux in the fins not in line

with the struts_ and (2) a coolant heat transfer coefficient that is adequate

to cool the header bar 3 particularly near the leading edge of the strut.

The flow resistance adjacent to the header bars on the inner and outer

shells was reduced by introducing a plain passage gap between the offset fins

and the header bar with free flow area of 0.005 in.2. Flow resistance of pas-

sages in line with the struts was further reduced by providing a plain unfinned

gap of 0.030 in. (nominal) by 0.050 in. between offset fins located on strut

centerlines and extending from strut leading edge to inner and outer shell out-

let holes.

Inlet and outlet holes of the inner shell were modified to increase flow

resistance of Flow paths not in line with the struts relative to flow paths in

line with the struts. Instead of the 120 holes at 0.125 in. dia and equally

spaced_ the number of inner shell inlet orifices was reduced to 42 at 0. P25 in.

dia and placed symmetrically in groups of seven about the centerline of each of

the six struts. The hole spacing is still 5 deg as in the previous design.
Inner shell inlet holes can be eliminated between struts because there is a

2
manifold-like passage (0.0268 in. cross-sectional area) between the holes and

finned passage inlet that will distribute the flow circumferentially to finned

passages between the struts. At the inner shell outlet, the previous hole con-

figuration (300 holes, 0.0535 in. dia, equally spaced) was replaced by 294 holes,

0.045 in. dia (same spacing as previous configuration) and 18 holes, 0.0535 in.

dia_ in groups of three, symmetrically located about the centerllne of each

strut at one-half of the previous spacing. These inner.shell orifice modifi-

cations create an overall pressure drop increase of 56 psi in the innerbody

flow route. This pressure drop increase can be tolerated by adiusting the up-

stream coolant regulating valve to expend a pressure drop of 56 psi less than

the present value of 282 psi.

The number of strut-sides flow-inlet-manifold orifices on the outer shell

was reduced from 240 (0.055 in. dia) equally spaced_ to 204 on the same spacing.

This represents a deletion of six holes symmetrically located about the center-

line of each strut. This reduction provides a 20-percent increase in coolant-

rate, flowing around the strut-cutout header bars on the outer shell. The

outerbody outlet-manifold orifices were not modified because these orifices also
provide the outlet of the leading edge flow rate.
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5.5.2.2 Structural Desi_n

5.5.2.2.1 Applied Structural Loads

The inner shell was analyzed for the following applied structural loads:

Coolant Pressures:

(a) Maximum operating

(b) Proof

Gas Pressure Loads:

(a) Symmetric - external

I •

700 psi

I050 psi

,

Maximum operating steady state pressure:

q= = 2000 psf 3 subsonic combustion)

105 psi _= = 4 3

•

Maximum pressure after shock is expelled: 150 psi

_= = 83 q_ = 2000 psf)

Maximum transient pressure during inlet unstart:

590 psi (M= = 83 q= = 2000 psf 3 duration less than
0.002 sec)

(b) Symmetric - internal

I • Design: 30 psi (due to possible stoichiometric burning of

unrented hydrogen)

(c) Unsymmetric - external

I. IO deg engine angle of attack (q= = 2000 psf_

.

Inertia Loads:

(a)

7 deg engine yaw (q_ = 2000 psf)

Operating

I. Vibration: 0.3 g input in any direction (a'ssumed

amplification of IO)

2. Static acceleration

Transverse: -+I.O g

Longitudinal: +4.5, -I.O g

Normal: +4.253 -0.5 g
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5.5.2.2.2 Stresses and Safety Mar clins

Hoop stresses due to external gas pressure in the shell are:

oh = 23s600 psi s and at 1615°R this corresponds to a

margin of safety of +0.50

Buckling analysis of the inner shell revealed that the lowest margin of safety

against buckling is +0.55.

Maximum fin stresses due to coolant pressure occur at the exit to the

manifold s where the metal temperature is approximately 1616°Rs and 2 in. aft s

where the gas-side thermal wall temperature is 1920°R. At the exit s the fin

stresses (_) are for the 25R-0.05-0.065-0.006 fin at a proof pressure of

I050 psi (governing):

Ofin= 18sO00 psi

S = 0.85 Fty = 44s200 psi

MS =  ,200 _ I =
18s I00

Since a gap of 0.08 in. long exists between the end of the fins and the header

ring s a check was made of the effect on the fins of the gap pressure load.

The model assumed was half the gap pressure load acting as the shear on a semi-
infinite beam on an elastic foundation. The additional maximum local stress

equals 19:800 psi s assuming that the fin efficiency factor does not apply for
local stress.

Ctotal = 18slO0 + 19s800 = 37s900 psi

MS = _4,200 _ I = 0.17
57s900

For fins 2 in. aft of the exit s the IO-hr creep rupture stress governs the

design. Fin stress s Ofin= 9400 psi and the margin of safety against stress

rupture 3 M.S. = 0.62.

5.5.2.2.5 Strut Sockets

The strut sockets were analyzed for the following structural load
conditions :

Longitudinal load +4.5 s -I.0 g

Normal load +4.5 s -0.5 g

Transverse load -+1.0 g
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Vibration

Aerodynamic loads

Yaw loads

±3.0 g (any direction)

due to lO-deg-engine angle of attack:
q= = 2000 psf

0

The spike and actuator loads are reacted at the mount pads_ and the center
of gravity of the innerbody is approximately at the same station. For purposes

of strut structural design 3 the reactions were all taken at the six pads.

Moments about the transverse axes were reacted by axial forces at the pads.

Transverse forces were reacted by radial forces in the struts. The mount pads 3

struts_ and sockets are designed to transmit the total load directly into the
outer shell.

The maximum stress in the socket occurs at the scalloped bolt flange and

is equal to 393900 psi 3 which is within the allowable stress limit.

5.5.3 Nozzle

5.5.3. I Nozzle Cap Cooling Design

The design objectives were to evolve a cooling method that would (I)

generally maintain exterior surfaces below IO00°R; (2) keep temperature dif-
ference between metal surfaces below _O0°R3 though localized values higher than

_O0°R can be tolerated; and _) maintain a low coolant pressure drop3 preferably

under I0 psi. Aerodynamic heating parameters used in the analysis corresponded

to the Phase I design flight condition of Mach 83 81_O00-ft altitude. The

nozzle cap was designed prior to full definition of the current Mach 8 (local) 1
88_O00-ft altitude design aerodynamic heating conditions and cooling require-

ments_ so the conditions discussed below do not correspond exactly with those
presented in Section 5.1. The hot gas convective heat transfer coefficient in

the nozzle cap vicinity is 0.01Btu/sec-sq ft-°R and the adiabatic wall temper-

ature is 5300°R. A hydrogen flow of 0.34 ]b/sec at 120°R and 600 psia is

available to cool the nozzle cap surfaces. With these conditions 3 the pressure

drop for the cap passages is I0 psi. This coolant subsequently cools the
innerbody surfaces.

A cross section of the nozzle cap is shown in Figure 5.5-5. A coolant

flow rate of 0.34 Ib/sec is fed to the cap through a 5/8-in.-ID tube. Eight

oval holes (total area = 0.070 sq in.) near the end of the tube allow most of

the coolant to flow directly into a channel formed by the cap hemispherical

surface and a O.025-in.-thick baffle placed nominally O. IO in. from the cap

surface. The remainder of the coolant in the tube is fed through six O. 050-in.-

dia holes drilled through the solid end section of the tube. This coolant

impinges on the inner surface of the nozzle cap tip_ adjacent to the boltj and

provides forced convection coolant in the gap between tube and inner cap sur-

faces that would otherwise be filled with near-stagnant coolant. Coolant leaves

the nozzle cap through sixty holes of I/8 in. dia adjacent to the threaded

flange section and enters the rectangular offset fins in the aft innerbody
flow route.
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Metal temperatures and coolant temperature and pressure are indicated in

Figure 5.5-5. The maximum metal temperature (l160°R) occurs on the surface of

the bolt exposed to the hot gas_ and the maximum metal temperature difference

(700OR) occurs at the thick section of the threaded flange. A similarly hi9h

metal temperature difference of 620°R occurs at the thick-wall section adjacent

to the bolt. Although these temperature differences exceed the objective of

400°R_ they are localized values. Generally_ nozzle cap temperature difference_ _

are much less than 400°R_ as indicated for the O.070-in.-thick metal section

midway between the bolt and thread flange. The bolt temperature of I I60°R is
not critical.

5.5.3.2 Structural Desiqn

The nozzle cap was analyzed for the following conditions:

Normal operating condition

Pressure 700 psia

Tempe ra tu re Outside surface metal ranging from 400 ° to

900°R; as indicated by thermal analysis

Proof pressure condition

Pressure I050 psi

Temperature ambient

The proof pressure condition proved critical and formed the basis for the

detail design.

The skin and tube structure is fabricated from Hastelloy X.

A brief description of two nozzle cap designs that were investigated is

given below.

(a) The initial design proposed was such that the force required to

react the pressure thrust on the cap and to seat the main seal_

be applied through the center of the cap. This would be done by

structurally connecting the cap center to the inner shell through

a bolt-tie bar arrangement.

(b) The second design utilized a threaded flange connection between the

end of the nozzle cap and the inner shell. The pressure thrust and

the gasket seating load would be reacted through the total periphery

of the inner shell (Reference Drawing L-980604).
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Transmission of the reacting loads through the center of the cap (design

(a) above) resulted in a high axial concentrated load in the cap and in the

connecting bolt and tie bar 3 causing excessive stresses in the skin. In

addition 3 the accumulated axial deflection in the skin and tie bar would have

exceeded> by a considerable amount_ the compression on the main "K" seal

(0.012 in.)_ The amount of skin reinforcing and additional tie bar metal

cross section required to reduce the stresses and deflections to acceptable

levels would have resulted in higher temperatures and temperature gradients

in the skin> as well as considerably increased component weight.

The second design (b)_ which carries the thrust load in the total periph-

ery of the skin_ proved to be far better. The center bolt and tie bar become

essentially nonstructural_ and the size is governed purely by design considera-

tions (i.e. 3 flow passage required_ locking device required_ etc.). This_ in

turn_ reduced the size of the hole required in the end of the cap (a I/4-in.

bolt can be used rather than the 5/8-in. bolt_ which would have been required

in design (a)_ which results in less reinforcing at the center of the cap.

There is no tendency for the pressure thrust to open up the seal because the
load path is short and stiff.

The sealing load required for the main "K" seal is approximately 2300 lb.

The inner shell ring mating with the seal was stiffened in order to resist

this load. The maximum pressure (circumferential) stress in the O.070-in.

wall of the skin is 41_200 psi_ which is well within the allowable. The

threaded end of the cap was reinforced slightly_ in order to accommodate the

additional local bending stresses. The maximum axial stress (membrane plus

bending) in the threaded end is 38_600 psi. The shear stress in the threads

is less than IS_O00 psi; again_ well within the allowable.

5.5.4 Leadinq Edqe

5.5.4.1 Full Scale Cooling Design

The purpose of the outerbody leading edge thermal design was to find a

leading edge tip configuration that was acceptable for temperatures_ stress 3

and fabrication at the Mach 8_ 88_O00-ft design point. The candidate designs

and flow routings are shown in Figure 5.5-6. These two design concepts have

the entire outerbody forward flow of hydrogen perpendicular to the leading edge.

Concept 2 has an additional flow in each of two or four segments parallel to
the leading edge.

Both concepts in Figure 5.5-6 have beneficial features not available in

the other. The Concept-2 configuration has no need for a small clearance at

the IBO-deg bend where the flow is first toward the leading edge and then away

from the leading edge in the finned passages_ because the leading edge heat

flux is handled by the flow parallel to the leading edge in the separate pass-

age. This feature is important for coolant conservation during ascent and de-

scent as stated im Section 5.1.5. Coolant flow perpendicular to the leading

edge_ Concept-I configuration_ offers simpler fabrication and flow routing_ and

coolant pressures required for equal metal temperatures are lower. Both con-

cepts can be improved by using nickel instead of Hastelloy X for the skin.

Nickel has a higher thermal conductivity (lower wall AT and outer wall temper-

ature) and a higher low-cycle fatigue life.
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LEADING EDGE CONFIGURATION NO. I

ALL HASTELLOY X MATERIAL EXCEPT

OUTER SHELL TIP

NICKEL-200

LANT

• T'PF_

LT pCO0_.TFLOW
PARALLEL TO TIP

LEADING EDGE CONFIGURATION NO. 2

Figure 5.5-6. Cowl Leading Edge Tip Configurations and'Coolant Flow Paths
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A Nickel-200 leading edge tip with coolant flowing perpendicular to the

stagnation line 3 Concept 13 was selected for the flightweight engine leading

edge design. In addition to the above considerations 3 this design was selected

because leading edge straight section test results summarized in Section 8.2
indicated that coolant flow distribution was acceptable and the internal coeffi-

cient in the 154-deg turn was acceptable for cooling_ even when high shock-

impingement heat flows on the leading edge tip are considered.

Results of a thermal analysis performed to determine the _nterna] and ex-

ternal surface temperatures of the selected leading edge design at the 88_O00-ft

a]titude_ freestream Mach 8 design point are presented in Figure 5.5-7. Coolant

hydrogen heat transfer coefficients were calculated with the correlation for

the 154-deg turn reported in Section 8.2. A 70 nodex two-dimensional steady-

state thermal analysis of the 15-mil-thick nickel wall with 30-mil outside

leading edge radius was conducted. Curves labeled "no shock" are the inside

and outside surface temperature distributions_ assuming the spike shock falls

outside of the leading edge. Curves labeled "shock" are the inside and out-

side surface temperaturesx assuming the spike shock impinges on the leading

edge. The heat transfer coefficient for a shock impinging on a leading edge
was calculated on the basis of data from Reference 5.5-3 to be 15.4-times the

value for the shock located inside of the leading edge. This area with high

heat transfer has a width of 4 mils and extends around the entire 56.7-in.

circumference of the leading edge. Although the maximum local heat flux for

the Mach 8 design increases from 2050 to I0,200 BTU/sec-sq ft when shock

impingement is assumed_ conduction in the nickel wail permits a maximum metal

temperature increase of only 470°R and an acceptable overall temperature
difference increase from 990 ° to 1460°R.

5.5.4.2 Leadinq Edge Straiqht Section Therma] Design

Leading edge straight section test specimens were designed and subsequently

tested for the purpose of evaluating the thermal performance of the two candi-

date leading edge tip coolant configurations discussed above. A high-temperature

subsonic gas test tunnel was designed so that the test specimens would experience

the same level of heating as the flight engine at the design condition of Hach 8

local 3 88>O00-ft altitude.

The leading edge straight section test specimens were directly applicable

to the flight engine axisymmetric outerbody leading edge. The use of a straight

section_ instead of a compound-curved section 3 greatly _impIified the fabrica-
tion and testing. The two types of specimens used in the test program were

designated configuration No. I and configuration No. 23 as previously shown in

Figure 5.5-6. Both types have the same overall dimensions (8-in. span 3 a

4-in. ]ength) 3 approximately equal to I/7 of the outerbody circumference at

the leading edge tip. The features that distinguish the two types of specimens

are described below.

Configuration No. I test specimens had leading edge tip-coolant flows per-

pendicular to the specimen stagnation line through a 154-deg turn. The tip-

coolant also provides coolant to the sides of the specimen. All face sheets_

fins_ and structure were Hastelloy X. The tip_ which was fabricated separately
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from the sides_ had 20R-0.020-0.004 plain rectangular fins brazed to the

I/2-in.-length arrowhead piece 3 and the O.OI5-in. V-shaped surface sheet. The

side subassemblies consisted of 20R-0.075-0. I00(0)-0.006 rectangular offset

fins brazed between two O. OIS-in.-thick sheets. The sides were brazed to the

tip at the arrowhead piece and two outer skin joint covers. Coolant enters

and exits from the specimen side fins through manifolds located at the base

of the 26-deg wedgej as shown in Figure 5.5-8. The manifolding was selected

to simulate the manifolding in the flight engine.

Configuration No. 2 test specimens had leading edge tip coolant flows

parallel to the stagnation line and separate from the sides coolant flow. The

construction details are similar to the configuration No. I specimen except at

the leading edge tip_ where the construction detail shown in Figure 5.5-6 was

used. All material is Hastelloy X except the tip outer sheet where Nickel-200
was used.

The test tunnel is a two-dimensional channel with a 6-in. straight section

of 2 in. by 8 in._ followed by an 18-1/2-deg half-angle divergent channel

(Figure 5.5-9). The 6-in. straight section serves two purposes: (1) to allow

the inviscid portion of the flow to settle any upstream distance_ and (2) to

permit the boundary layer in the tunnel wall to develop a turbulent flow at

the test section. This latter condition will permit side wall radiation to

contribute approximately 24 Btu/sec-sq ft of net heat flux to the flat surfaces
of the test unit.

Subsonic air_ heated by a hydrogen/oxygen combustor to temperatures between

2500 ° and 4000°F_ was flowed over the test unit at rates between 2 Ib/sec and

6.5 Ib/sec. The test unit was cooled with gaseous hydrogen at inlet tempera-

tures between 2000 and 520°F_ at inlet pressures between 400 psia and 700 psia_
and at flow rates between 0.02 Ib/sec and 0.12 Ib/sec.

The maximum flow rate of 6.5 lb/sec produces a velocity of 890 ft/sec at

the leading edge in the test section. The stagnation line heat flux is 670

Btu/sec-sq ft based on a wall temperature of 2000°R. The test unit boundary

layer will be laminar and the predicted average convective heat flux is approx-

imately 50 Btu/sec-sq ft. Since the tunnel wall is made of zirconium oxide_

Zr02_ there is little conduction loss. Hence_ the convective heat load incident

on the tunnel wall was rejected primarily through radiation to the test unit.

At a steady state_ the net radiative heat flux of 24 Btu/sec-sq ft equals the

convective heat flux to the tunnel wall. The test conditions which meet the

requirements of the stagnation line do not produce the flight condition heating

to the flat surfaces. By having a 6-in. straight section upstream of the test

sections so that Re _ 5 x I05_ turbulent conditions increased convective heat-

ing. The tunnel wall equilibrium temperature was 3320°R and a net radiative

heat flux of 24 Btu/sec-sq ft occurred. The total net heat flux to the side

wall of the test unit will be 64 Btu/sec-sq ft_ which is very close to what the

outer surface of the flight engine cowl will receive. No attempt was made to

simulate the higher heat flux encountered on the interior cowl surface.
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Figure 5.5-8. Leading Edge Test Section
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5.5.4.3 Structural Desiqn

The outerbody leading edge test section was analyzed in order to evaluate

possible configurations. Figure S.5-10 shows the results of the investigation.

Cases I and S can support the IO0-psi external pressure while the other combi-

nations are not satisfactory.

Combined axial and bending stresses due to 700 psi internal coolant

pressure at the leading edge in the vicinity of the stagnation point will be

around 8140 psi. Temperatures during testing will create plastic strains_

but the magnitude of these strains will be such that the expected number of

allowable cycles will exceed 4000 if the maximum AT does not exceed 300°F_ and

the maximum metal temperature will be below IS50°F.

Fins at the leading edge will be 20R-0.020-0.003. The margin of safety

is O. II2 based on the combined loads due to 700 psi internal pressure and the

differential radial expansion of the face metal and using a fin efficiency

factor of 0.33.

The analysis revealed that the maximum allowable span of O.OI5-in.-thick

Hastelloy X sheet would be less than O.I in.

5.5.5 Outer Shell

5.5.5.1Coolinfl Design

Hardware changes_ which improved the coolant hydrogen flow distribution

around thestrut cutout headers in the outer shell_ were discussed in conjunc-

tion with similar changes on the inner shell (Section 5.5.2.1).

5.5.5.2 Structural Desiqn

The maximum tensile strength due to circumferential gas pressures is

27_500 psi which results in a margin of safety of +0.14.

An analysis was performed to ascertain the adequacy of the O.06-in.

primary wall in resisting shear buckling.

For a maximum _ = I0.4 in. and a design T = 1200°F_ the calculated value

of the buckling stress_ Ss_iS 20_000 psi; the allowable value of Ss is 13_400
psi.

The maximum shell shear stress occurs at the forward mount ringsassuming

simple sinusoidal shear flow distribution; the maximum actual shear stress_

T = 4960 psi <<13_400 psi
max

the margin of safety_

M. S. : 13400 -I : +1.7

4960
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OUTERBODY LEADING EDGE TEST SECTION
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Figure 5.5-10. Outerbody Leading Edge Test Section
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The critical stresses due to pressure occur where the coolant exits to the

collector manifold. The geometry in this area and the calculated metal tempera-
tures are shown below.

O. 050

O. 060

i,,,i,l_

SECTION A-A

0.015

////////////////_/////-////'/////////////" _ 1883 ° R - Ti

1253° RI

i

.l'o-o.,,O,N.
A-30506

TEMPERATURE AT 0-0

2060 ° R - To

The pressure and temperature conditions are as follows:

(a) Operating (critical and used in design)

P : 628 psi

T = as indicated in above sketch

(b) Proof pressure

P = 1050 psi

T : room temperature (RT)
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The conditions for Hastelloy X are tabulated below.

IO-hr Creep- Allowable

Rupture Stress 3 Stress_
Design Desig_ psi psi psi psi

Temp, OR Temp, F Ftu , Fty ,

RT RT 120,000 52_000

1923 _ 1463 62_000 32_000

2081 _H_ 1621 40_000 26j000

_Design temperature = Tcalc + IO0°F

- 44,200

26_000 17,500

15_000 I0_000

_Design temperature = Tout -I/3 (Tou t -Tin) + lO0°F

The maximum bending stress in the thermal wall is equal to I0_000 psi_
which results in a zero margin of safety. The fin stress is equal to

12_600 psi, with a resulting margin of safety of 0.38. A test section with

the indicated gap-fin geometry was pressure tested to verify the design and
found satisfactory.

5.5.6 Support Struts

5.5.6.1Enqine Assembly Struts Coolin_ DesiqE

The purpose of cooling design and analyses for the strut was to determine

the simplest hydrogen coolant flow routing and passage geometry required to

(1) maintain all aerodynamically heated surface temperatures below 2060°R_

(2) maintain structural temperature differences between strut and adjacent

innerbody and outer shell below 300°R_ (3) provide a coolant pressure drop

less than IO0 psi_ and (4) keep fin temperature differences generally below

400°R (higher localized fin temperature differences are acceptable).

The selected strut design (Phase II, Concept II) is shown schematically

in Figure 5.5-II. This design was developed from two previous designs (I)
the Phase I strut design_ and (2) a design considered at the start of Phase II

(Concept I). Coolant for strut sides is taken from the aft outer shell at the

structural support torus_ which is located at axial Station 69 in the Mach 8

geometry_ and delivered to the aft of each of the six struts. The flow to the

strut sides is distributed to 20R-O.O20-plain-O.O04 rectangular fins that are

oriented parallel to the engine axis. Coolant flow paths on the sides are not

identical with respect to the strut innerbody because of space ]imitations.

The trailing edge is cooled with coolant flowing through O.020-in.-deep grooves

milled into the 3/8-in.-radius semi-cylindrical trai]ing edge. The trailing

edge coolant subsequently provides coolant for one strut side. Coolant leaves

the strut sides at about one inch aft of the leading edge and is routed directly

to the innerbody fuel plenum. The strut leading edges are cooled separately

from the sides with IO0°R coolant flowing through a O.13-in.-dia circular

passage adjacent to the O.OI5-in.-thick leading edge wall. Coolant from the
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Page 5-t02



UNCLASSIFIED

. _._ : . _g_

c_
oo

_ _ o -

c :,:

_- ......

_ AIRESEARCH MANUFACTURING COMPANY

o

o

UNCLASSIFIED

_ o

I15

_°©=

e"

*m

e"

o
0

I--

o

E
E

m

!

u_

_4

I-

°_



UNCLASSIFIED

six strut leading edges is collected and delivered to the aft innerbody at the

nozzle cap. The leading edge radius was increased to 0.08 in. from 0.03 in.

used in the two previous designs. An increased leading edge radius reduces

the hot gas stagnation point heat flux> provides more coolant passage free-

flow area and reduced coolant pressure drop. Neither coolant from the strut

side nor adjacent innerbody or outer shell flow routes can be used to cool the

strut leading edge because the coupled effects of high temperature and low

pressure of these coolant sources is insufficient to guarantee an acceptable

leading edge maximum temperature and coolant pressure drop.

The Phase I design point flight condition of Mach 8_ 81_O00-ft altitude
(which the operating parameters in Figure 5.5-11 are based on) was superseded

by the Phase II design condition of Mach 8 loca]_ 88_000 ft altitude. The

strut sides thermal performance and operating parameters for this condition

are presented in Figures 5.5-12 and 5.5-13 and are acceptable from the design
goal standpoint.

Strut component wind tunnel tests performed with the above selected

strut design (Section 8.0) indicated that hot gas heat fluxes on the strut

leading edges could be about 1.8-times heat flux values predicted by the methods

used in the design analyses. This increase is thought to be due to a high

freestream turbulence level and leading edge surface roughness_ both of which

may be present at the Mach 8 local_ 88_O00-ft altitude flight condition. If

so_ a plain round passage in the strut leading edge is not able to provide

adequate cooling of leading edge metal temperatures. As discussed below_ a

nickel fin brazed into the leading edge passage provided acceptable metal

temperatures.

A two-dimensional thermal analysis was performed on the leading edge for

the Mach 8 local_ 883000-ft altitude condition with a strut leading edge coolant

rate of 0.057 Ib/sec at IOOUR (one-sixth of the strut leading edges/innerbody

flow rate of 0.34 Ib/sec). Results for a round passage without a fin indicate

a maximum outer wall temperature of 2600°R and an inner wall temperature of
2270°R.

To reduce strut leading edge temperature_ a nickel fin was brazed in the

coolant passage as shown in Figure 5.5-14. Two-dimensional thermal _nalyses

have been performed with 0.020- and O.O_O-in.-thick nickel fins. Maximum

metal temperatures were reduced to 1790°R for the O.020-in. fin and 1600°R for

the O.O&O-in. fin. The finned leading edge design offers high local pressure

drop. In addition_ the coolant heat transfer coefficient is increased because

free-flow area is reduced_ the coolant side wall temperatures are ]ower_ and
the hydraulic diameter is smaller. A O.030-in.-thick nickel fin was used

to yield temperature distributions between those for the 0.020- and 0.040-in.-

thick fins. The pressure drop for the leading edge with a O.030-in.-thick

fin will be double that for a plain round passage. A pressure drop of 67 psi

and outlet Mach number of 0.29 will result for Mach 8 design point conditions.
Both of these values are acceptable.
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0.015 GAP

T=

BRAZ E

4/I

SHEET 0.030 X 0.I13 X 2.38

NICKEL-200

0.13 DIA THROUGH SIDE VIEW

SCALE 2/I

S-72514

Figure 5.5-14. HRE Strut Leading Edge Fin Geomerty
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5.5.6.2 Strut Test Section Cool incI Desicln

Strut assemblies were subjected to aerodynamic heating tests. The tests
were conducted in a 1.5-in.-hiqh by 6-in.-wide Math 2 tunnel. Confirmation and

improvement of analytical techniques for leading edge heating_ shock boundary

layer interaction_ and general heat transfer in the environment of hydrogen

combustion products was obtained with a wall-to-hot-gas total temperature ratio

of about 0.25. Test data_ however 3 was limited by tunnel width_ total temper-
rature_ and incomplete simulation of fuel-injection conditions.

The tunnel nozzle was approximately 12 in. long_ as measured from the

sonic throat to the exit. Butted against the exit was the test section_ which

consisted of a 2-in.-long adapter section, a strut supported between two 6-in.
by 4 in. panels_ and two side walls. A water-cooled test section_ formed from

four separate walls and sealed at the corners_ was used to obtain good quality

aerodynamic heating data with a water-cooled strut. Hydrogen-cooled strut
support panels and hydrogen cooling in the strut were substituted for the water-

cooled top and bottom panels during thermal cycling tests.

The maximum operating reservoir pressure and temperature available for

this test were 300 psia and 4500-R_ respectively. The corresponding flow rate

was 6.2 Ib per sec. A small amount of leakage at the joint between the tunnel

and the test section and at the corners was deemed permissible. The tunnel

geometry and instrumentation are shown in Figure 5.5-15 and the heating dis-

tribution on the supporting panels is shown in Figure 5.5-16. In Figure 5.5-16_

the centerline wall heating is shown as a dashed line_ marked Y = O_ and the

heating distribution at midway between the centerline and the side wall is

shown as a solid line_ marked Y = I-I/2. The trough and peak heat fluxes

reflect the effects of the shock-induced flow separation. The peak heating is

a conservative value because theory indicates that the flow separation at

Y = I-I/2 is marginal.

Since the tunnel is 6 in. wide_ the reflection of the strut/leading edge

shock from the tunnel walls will impinge at about 70-percent chord of the

9-in.-long full-scale strut_ if full-length side walls are used. Short side

walls extending only 2.75 in. aft of the strut leading edge appear to be

beneficial. In this arrangement of the wall_ the strut leading edge shock will

not be intercepted and reflected; the exit wave produced by the walls (assum-

ing the system is underexpanded)_ however_ will impinge on the strut at approx-
imately the 90-percent chord.

The maximum heat flux during the test was produced when the tunnel was

operated at its peak pressure and temperature (Pt = 300 psia_ Tt = 4500°R).

At this operating condition_ the leading-edge heat flux is 690 Btu/sq ft-sec_

which is approximately half of that estimated for the flight engine at the

critical heating conditions of Math 8_ local 88_O00-ft altitude. The average

flux on the strut supporting panels under the same test conditions will be

300 Btu/sq ft-sec_ which is higher than the 250 Btu/sq ft-sec predicted for the

flight engine at Math 8_ 88_O00-ft altitude.
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Figure 5,5-16. Strut Support Panels Hot Gas Heat Flux Distribution
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All metal temperatures and metal AT's predicted for test were satisfactory,

with the possible exception of those along the line of shock impingement on

the support panels caused by the strut/leading-edge bow shock. Along this ]ine_

the predicted hot-gas heat flux is a minimum of IO00 Btu/sq ft-sec at about

O. IO in. upstream of the leading edge and decreases to 530 Btu/sq ft-sec at

I-I/2 in. from support panel centerline (see Figure S.S-16). A one-dimensional

heat transfer analysis indicates that the fin AT could be IO00°R on the support

panel where the heat flux is IO00 Btu/sq ft-sec. Two-dimensional conduction

effects in the O.OI5-in. skin and in the 20R-O.O7L.-O. IO0(O)-O.O04 fins in the

support panel will decrease the fin AT slightly from IO00°F. The region of the

strut leading edge received close observation during testing. Hot surface

thermocouple data and discoloration of temperature-indicating paint on panel

surfaces were expected to indicate whether the level of predicted high heat

flux did occur.

5.5.6.3 Enqine Assembly Struts Structural Design

A series of unit load flexibility analyses were performed to obtain an

accurate picture of the internal reactions at the actuator supports and at the

connection of the struts to the inner and outer shells. Unit forces and moments

were assumed to act on the actuator at its forward mount face (Station 42.10).

An equivalent ring was determined which accounted for the rigidity contributions
of the inner and oOter shells and manifolds in the strut area. Zero deflection

and rotation were assumed at the top of this ring. The model became:

60 DEG

SPOKES WITH FLEXIBILITY

EQUIVALENT TO THAT OF

ACTUATOR LEGS

(TYP)

EQUIVALENT RING

.ACTUATOR

Figure 5.5-17a shows the structure reactions to the critical applied load
condition. These reactions are located at a radius of I0.4 in. and at Station

65.05. Figure 5.5-17b shows the loads at the top and bottom strut resolved

into radial and tangential components. In Figure 5.5-18_ the significant com-

ponents of these loads are translated to the plane of the actuator support pad

and become the design loads for the actuator support structure.
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a° REAC TI ONS

1709 IN.-L8
1709 IN.-LB

1414O LB

3180 LB

I IN
-LB

5580 LB 5580 L8

14140 LB

3180 LB

360 I N.-LB

,.3550 IN.-LB

140 140

1015 IN.
1015 IN. -LB

560 IN,-L8

3550 IN.-LB

1850 LB_--- _ 1850 LB

t_11960 LB 1(_)11960 LB

2260 LB 2260 LB

b, RADIAL AND TANGENTIAL COMPONENTS OF REACTIONS AT STRUTS CD AND (_)

(INCREASED BY DYNAMIC LOAD FACTOR 1.2)

2250 IN.-LB

182 I N.-LB

16950 LB C)_

48 LB_;_ _I_7700 LB

/ _) i 1960

A-33BS2

Figure 5.5-17. Reactions to Unsymmetrical Unstart Loads

(Radius) 10.4 in._ Sta 65.05)
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Once the unit load reactions were found For the single equivalent ring_

the opposite action values were applied to a system of two rings and struts.

Each ring is an equivalent ring which takes into account the flexibility of

the corresponding shell-manifold combination. The model is indicated below.

RIGID STRUTS

/ / \ ;_.J,_,,..\ \ TRANSLATED LOADS FROM

\V _'_ PREVIOUS ANALYSIS. APPLICABLE

[--__'_,,, VALUES APPLIED AT EACH STRUT

_TANEOUSLY

Figure 5.2-7b (see Section 5.2.2.1.2) showed the design loads for the
strut and attachments at the inner and outer shells which result from this

analysis.

The strut structural analysis was concentrated on the two most significant
areas:

(a) Leading edge pressure containment> and low-cycle fatigue analysis

(b) Strut attachment flanges and bolting

Three leading edge configurations and radii were investigated. The number of

expected life cycles was quite low (around 230) making the strut leading edge

one of the shortest life-cycle limited items of the engine.

The analyses of the strut flanges indicate that high torsional moments

(approximately 53j000 in.-lb) were developed in the upper two struts. This

moment 3 combined with the other shear loads_ required that the bolts attaching

the strut to the innerbody socket be made of Inconel 718 (or equivalent strength

material). In addition_ the two end bolts 3 i.e. 3 those at the forward and aft

attaching innerbody manifolds should be made 3/8 in. and I/2 in. dia_ respec-

tively. The sockets had to be strengthened so that the highly loaded bolts did

not shear through. Increased bending loads in the plane of the struts required
that the actuator mount pad bolts be made of Inconel 718 with the diameter

increased to 3/8 in. The same bending load also required that the ribs from

the socket to the attaching manifolds be made stronger. The loads in the

remaining four struts were lower 3 and these portions of the structure could

be made lighter.

5.5.7 Inlet Spike Actuation Contro] System

A structurally integrated support structure and actuator system controls

the spike position as commanded by the control system computer.

_AIRESEARCHMANUFACTURINGCOMPANYc,_.j_p_,,.j,._ UNCLASSIFIED 72-8237

Page 5-tl4



f--.

( ,

UNCLASSIFIED

5.5.7.1 Design Concept

Four concepts were investigated as potential candidates for use with a

hydraulic servoactuator. These systems included (I) a solid-propellant gas

generator exhausting through a pressure control valve_ (2) X-15 hydraulic

system to drive a motor/pump_ (3) X_I5 hydraulic system without the interfacing

motor/pump_ and (4) the selected system_ which consists of a 5750-psi nitrogen

supply blowing down through a pressure regulator to 3000 psi. Hydraulic oil

is then expelled from the accumulator to drive the servoactuator. A schematic

diagram of the complete system is shown in Figure 5.5-19.

Table 5.5-I compares the relative merits of each system. In view of the

most critical tradeoffs_ the selected system is the least complex_ has the

least volume_ and is second in overall weight to the hot gas system.

TABLE 5.5-I

COMPARISONS OF INLET SPIKE ACTUATION SYSTEMS

Item System (I) System (2) System (3)

Zl.B 3S.O  5.0Weight (less servo and
actuator)

Complexity 5rd Most

Component volume required

Reliability

X-IS power required

a) Electrical _

b) Hydraulic

Yes

No

2nd Most

Least 5rd

No

Yes

Growth potential

rextended operation)

Checkout capability

(Requires

res ize)

Partial

2nd

5rd

2nd

No

Yes

(Indefinite as is)

Standard Standard

System (4)
CFi9. 5.5-15,

29.29

Least

Least

Most

Yes

No

(Requires

resize)

Partial

_Not including servo or systems which require 28 vdc, 8 to I0 ma

5.5.7.2 Desiqn Loads

The critical structural loads and actuator forces produced are due to

symmetrical and asymmetrical engine unstart operation at M= = 8.0 and M L = 6.5_

based upon operation at the q= = 2000 psf and qL = 3600 psf condition.
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MS - ELECTRICAL CONNECTOR

• 1

LOCK AT
EXTENDED

POSl TION.
SNUBBERS
AT BOTH

ENDS OF

STROKE

CHECK

VALVE

ACCUMULATOR L_

]9B IN. 3

M I L-D-5606

AND RELIEF I

OVERBOARD

HYD

FILL
VENT

SQUIB
VALVE

GN2 FILL
AND BLEED

PYLON

INTERFACE

PRESSURESWITCH

GN2 - 435 IN. 3

! i i ""

,.J

A-,]4OOZ

Figure 5.5-19. Inlet Spike Actuation System - Nitrogen Blowdown System
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i Since the opening loads in flight always exceed the closing loads 3 the

design criteria for opening are established by the friction forces during

ground checkout. The axial design load for closing during flight occurs dur-

ing the symmetrical unstart.

The actuation system sizing is covered in detail in Section 5.2.2.1.I.

5.5.7.3 Structural Design

5.5.7.3.1 Stresses in Actuator Support Structure

The actuator support structure and superimposed loads for the asymmetric

unstart condition are shown in Figure 5.5-20. Similarlyj Figure 5.5-21 shows

the loads for symmetric unstart.

The analysis was carried out by applying unit loads and moments of I000 lb

to IO00 Ib-in. 3 respectively_ at the mounting plane of the actuator. The load

flow results for these unit loads are presented in Figures 5.5-22 and 5.5-23.

Since the unstart loads are applied suddenly 3 a shock magnification factor

of 1.6 was used for these loads 3 and stresses were computed at the various

critical locations of the actuator structure. The cylinder thicknesses were

reduced to 0.500 in. (as compared to 0.450 in. previously). Consideration of

seal stiffness in the analysis has shown that the aft spike will not contact

the innerbody in spite of the reduction in actuator shell thicknesses.

The maximum stress in the cylinder occurs at the intersection between the

support legs and the outer cylinder shell. This stress is 903000 psi_ and it
includes consideration of the localized stress concentration. The front

conical element which picks up the front end of the actuator rod was analyzed

with the Sabor III (MIT) computer program. The peak stress in this part was

less than 543000 psi. The pivot lug was analyzed_ and the maximum principal

stress was IOI_O00 psi. The support legs were checked_ and a maximum stress

of 723000 psi was computed. The flange mounting of the spike cone to the

actuator uses 12-3/8-in.-dia bolts.

The actuator material for the cylinders and the mounting legs is 4330

alloy steel that is heat-treated to produce the following material properties

at 300°F:

ftw = 192_000 psi

fty = 167>000 psi

The allowable stress based upon the lower value of 0.667 ftu or 0.85 fty is

= 1283000 psi All of the highly stressed actuator parts have less thanall

this stress level and therefore have a positive margin of safety.
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Figure 5.5-21. Actuator Loading With Symmetric Unstart
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Figure 5.5-22. Actuator Load Flow Due to IO00-1b Unit Load
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5.5.7.3.2 DefFect ions

Spike deflections and rotation at the cowl lip and at the aft end are

increased over the previously published values due to increased loads and

decreased actuator shell thickness. Numerical data were developed at the

seal locations for use with the seal analysis. For the unstart normal load

of 16_800 Ib_ the spike deflection at the seal would be 0.077 in._ and at the

aft end of the spike which is 1.5 in. beyond the seal with the spike in its

most extended position_ the estimated relative displacement would be 0.083 in.

This deflection would exceed the initial clearance of 0.053 in.; it exceeds

the design goal of 0.040 in. to allow for noncircularity and misalignment of

the spike shell and the innerbody. As discussed below_ the seal will prevent

the excessive deflection when it is adequately preloaded between the spike

and the innerbody_ and it will_ in fact 3 limit deflections to 0.030 in. or

less.

5.5.7.5.5 Bearinq and Friction Loads

A bearing load and friction load estimate was made for the actuator
structural shells. Values for this estimate were based on metal/metal sliding

surfaces and on a friction coefficient of 0.15. Use of teflon-impregnated

bearings conservatively reduces this coefficient to 0.02 to 0.03 and the fric-

tion loads accordingly.

The spike seal will pick up 2000 to 4000 Ib of normal load depending upon

spike position. The seal will consist of two packing strips which will have

free_ uncompressed cross-section dimensions of approximately I/4 x I/4 sq in.

An estimated seal strip preload of approximately IS to 20 Ib per in. for each

seal will be needed to prevent deflections in excess of 0.030 in. at the seal.

The total radial force acting on the spike inside surface will be approximately

900 to 1200 lb. When the asymmetric unstart force deflects the spike_ one side

of the seal increases in loading while the other side relaxes. The seal be-

havior is nonlinear_ and it also has an appreciable hysteresis loop. Based

upon the above-mentioned precompression ]eve]_ the seal will deflect 0.020 in.

due to the unstart load_ it will carry nearly 4000 Ib of load_ and the total

radial load on the spike surface will be from 4500 to 5000 lb. For a friction

coefficient of 0.2_ the seal axial friction force would be 900 to I000 lb.

Since this loading reaction in the seal alleviates normal forces in the actuatorj

the total friction force will be less than the algebraic sum of the seal fric-

tion load plus the peak actuator friction load of 2890 lb. For design purposes_

a maximum combined friction force of 3790 Ib is being used.

5.5.7.4 Dynamic Simulation

The simulation of the inlet spike actuation system using the IBM II30

digital computer was based on the nonlinear model described in Figure 5.5-24.

The response of the servoactuator was analyzed by two techniques. The first

assumed the system operating at some specified position and introduced a small

position command. The second technique assumed a fully closed spike inlet.
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A command signal was issued to open the spike 5 in. After completing full

retraction_ an unstart signal would command the spike back to the closed posi-

tion. The present system configuration was simulated with the following

simplifications:

(a) Structural and hydraulic compliance effects were neglected.

(b_ Pneumatic system characteristics were neglected.

(c) The hydraulic actuator snubbing and locking devices were omitted.

A block diagram of the simulated system is shown in Figure 5.5-24.

Figures 5.5-25 and 5.5-26 show the response for small position command signals.

Spike position_ velocity 3 and valve area vs time are plotted. Figure 5.5-25

assumes an operating point of 0.45-in. retraction. At this point 3 the rate of

change of the aerodynamic force with spike position is large. A perturbation

of 0.2-in. step is used as the disturbance signal. The servo is well behaved_

with a response time of ISO ms to achieve its final value. The maximum retrac-

tion rate is about 2.8 in. per secj and the effective valve area attains about
one-third its maximum.

The inertia force was initially ignored in this analysis. This exclusion

was justified by the negligible effect the inertia force would have on the

actuator performance compared with that of the aerodynamic forces. The validity

of the assumption was subsequently verified.

Figure 5.5-26 assumes an initial operating point of 1.45-in. retraction.

At this point_ the aerodynamic forces are approaching their maximum value. A

O.2-in. step commands the system to a new equilibrium position of 1.65-in.

retraction. At 1.5-in. retraction_ the aerodynamic forces reach their maximum_

then abruptly drop to their minimum values when the inlet starts. Since the

aerodynamic forces dominate the load profile_ they will have the greatest effect

on the servo behavior. Hence_ this point should represent the largest disturb-

ance function on the servo. The inertia force was neglected. The transient

indicates an overdamped system with a response time of 190 ms. The maximum

retraction rate is about 3.1 in. per sec_ with a maximum value area of one-

third its maximum.

Figure 5.5-2? shows the servo response for a full-retraction sequence.

The curves show spike position_ velocity_ load force 3 and valve area vs time.

This analysis considered the inertia force. The position transient indicates

a Type I servo response requiring 700.ms to achieve the fully retracted position.

The maximum retraction rate is II.I in. per sec and occurs when the spike has

retracted approximately 1.5 in.; the load force is thus large and tends to aid

the retraction process. The effective valve area saturates after 20 ms and

continues in this condition until the spike has retracted to 90 percent of its

final value. If no valve leakage is assumed_ the total amount of fluid con-

sumed is 17.5 cu in. The maximum inertia force on this transient is only

ISI Ib_ which justifies the original assumption.
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Figure 5.5-28 illustrates the transient response for an extension sequence.

The initial state of the servo is in the fully retracted position. An unstart
signal is introduced which immediately increases the aerodynamic forces. The

command signal from the HRE computer which causes the servo to react to this

situation is delayed 50 ms_ as indicated by the velocity and valve area curves

of Figure 5.5-28. The position transient (Curve I) again shows an overdamped

characteristic with a response time of 825 ms (to attain a fully extended

position). The highest spike velocity (Curve IT) is 9.85 in. per sec. Again_

the valve is saturated (Curve IV) during 90 percent of the transient. The

negligible maximum inertia force of IlO Ib was obtained. The total fluid con-

sumed is 30 cu in.

A comparison of the last two figures shows that the response time of

Figure 5.5-28 is approximately 125 ms longer. This condition is largely due

to the loading which normally tends to retract the spike. Therefore_ during

retraction_ the response time is an aiding factor; during the extension pro-

cess_ it is a retarding one. This effect is again demonstrated by the spike

velocity curves. The fluid consumption is greater for the extension case

because the effective piston area is larger.

5.5.8 Suspension Frame

The HRE is attached to a suspension frame which is fastened to the X-ISA-2

aircraft. The structure is made of built-up welded sections of Inco 718 alloy.

It supports the turbopump_ fuel piping_ valves_ etc. on its upper surface 3
while the thrust block is attached to its lower surface. The HRE is attached

to this suspension frame in such a manner that fore and aft loads are transferred

only through the thrust block. General arrangement of the suspension frame is

shown in Figure 5.5-29a. Layout Drawing L980619 presents additional details.

5.5.8.1 Desiqn Loads

The engine loads are directly transmitted to the thrust block and the aft

mounting. Three external load conditions govern the design of the mounting

structure. Condition "a" is the critical flight condition_ symmetrical engine

unstart at M= = 8.0_ q_ = 2000_ _= = IO deg. Load conditions "b" and "c" are

the critical vibration qualification loads. The magnitude and direction of

these three load cases are shown on F!gure 5.5-29c.

5.5.8-2 Structural Des i,qn

The suspension frame is basically a space-frame with rigid joints_ sup-

ported externally at three points. An idealized model of this frame is shown

on Figure 5.5-29b. Joint I represents a fixed support_ while joints 8 and IO

are considered sliding in the x-direction_ but pinned in the y-and z-directionsj

transmitting only y- and z-directional loads to the aircraft. The vertical legs

of the aft mount are attached to the sides of the longitudinal members of the

mounting structure. Dummy members 4 and 12 are introduced to simulate this

eccentric attachment. The MIT STRESS computer program was used for the analysis

of the structure.
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The maximum stresses and the safety margins against allowable stress for

each member are shown in Figure 5.5-29d. These stresses are based on the

governing allowable stress for Into 718 at 600°F being 0.667 Ftu = 116.0 ksi.

The aft mount is a brazed-leaf assembly (see Layout Drawing L980619)3 with an

X-directional spring constant of 339 ]b per in._ which is within the 400-lb-per-

in. limit established for instrumentation requirements. Maximum stress in the
leaves of the aft mount is 56_200 psi.

5.5.9 Ablatively Cooled Cowl Thermal Analysis

A preliminary study of the boundary conditions required to define the
ablatively cooled cowl surface was performed. The cowl surface heat flux was

calculated using the Eckert fiat-plate heat transfer equation_ the aerodynamic

data at Mach 8 localj 85,000 ft (Cl_ = 2000 psf), and the proposed X-15A-2 flight

trajectory for the HRE mission to Mach 8. The variation of the heat flux with

the flight time is shown in Figure 5.5-30 at the beginning and end points of

the cowl surface (Station 45 and 767. The local heat load 3 which is the result

of numerical integration of local heat flux over the entire flight time is tab-

ulated in Table 5.5-2 at various locations on the cowl surface. Both laminar

and turbulent flow fields were assumed. The heat loads on the entire ablative

cowl surface at Mach 8 and 85,000 ft are 120 and 600 Btu/sec for laminar and

turbulent flowsx respectively. It is noted that the heat fluxes or heat loads

are so-called "cold wall" values using a base temperature of O°R.

Flow field results were determined for both laminar and turbulent flows.

Marked differences occur. The local Reynolds number along the cowl contour at

M = 8 and 853000 ft in Table 5.5-2 indicates that the flow in the forward por-
tion of the cowl may be ]aminar, while the flow in the aft region of the cowl

may be turbu]ent. As the freestream Mach number decreases, Reynolds number
increases_ and hence the flow is more likely to be turbulent for most of the

flight time. Also, for the range of the Reynolds number under discussion_

freestream disturbance, local discontinuities on the cowl contour, and surface

roughness due to char formation of the ablative material may produce early

transition to turbulent flow. To insure against local overheating_ the results
based on turbulent flow were selected.

Local protuberances on the cowl surface induce boundary layer separation
and a shock near Station 72. An aerodynamic analysis indicates that the ratio

of the pressure rise across this shock is 12.3 at M = 8 and 85_000 ft. The
associated rise in heat flux may be determined by the relation

n

(q/A)max P2

(q/A)o = -_I

where (q/A) ° is the heat flux in the shockless system, (PI) and (P2) are the

upstream and downstream pressures of the shock_ respectively_ and (n) is a

constant with a value between 0.80 and 0.93. With use of n = 0.9_ the local
maximum (or peak) heat flux becomes approximately IO-times as great as the

heat flux in the corresponding shockless system. This requires thickening of
the ablative material in the region.
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5.6 SHELL ASSEMBLY FLOW TEST ADAPTERS

Full scale engine components and adapters were defined for the purpose of

evaluating the component thermal and structural performance during tests with

subsonic hot gas heating and hydrogen cooling. The test plan was to simulate

design point flight thermal conditions (metal temperatures and metal tempera-

ture differences) during subsonic (Mach No. < 0.30) annular duct flow tests

using the hot-gas combustion products of oxygen-enriched air and hydrogen.

The design point selected for the test setup was the temperature and AT condi-

tions predicted for combustion at Mach 8 freestream and local_ 88_O00-ft altitude.

5.6.1 Thermal Design

The objectives of the component thermal simulation were:

(a) A cross-section AT distribution in the plate-fin cooling jackets within

±50°R of the predicted design values (the cross-section AT is the

sum of the _T's through the O.OI5-in.-thick skin and the O.O50-in.-high

fins).

(b) A maximum metal surface temperature within 50°R on the low side of
2060°R.

(c) A structural temperature distribution within IO0°R of flight condi-

tions_ but not exceeding 1600°R.

The predicted test conditions that gave the best simulation of the flight

conditions within the stated objectives are shown in Table 5.6-I. The test

adapter support structures were water cooled and were axially contoured with

the components to produce the simulated heating distribution. The contours

were selected for hot operating conditions and therefore included the effects

of thermal radial expansion of both component and adapter. Since the support

structures are water cooled_ all water circuits were designed to obviate sepa-

rate flow controls. All metal temperatures of the test equipment are less than

500°F; most of them below 200°F. The maximum metal temperature in the water

passages is about 300°F. The inlet spike test adapter is the same piece of

hardware that will support the innerbody test unit. Heating conditions on the
adapter during spike testing were equal to or less than those during inner-

body testing.

Two types of component testing were planned_ (I) thermal performance test-

ing_ and (2) thermal cycle testing. Thermal performance testing was planne.d

to establish the above thermal simulation objectives on the components. Evalua-

tion of the component cooling capability was to be based on visual observations

of. temperature-sensltive paints on component surfaces and on wall temperature

thermocouple readings. In addition_ these test runs would permit adjustment

of test conditions for the thermal cycle test and provide response of the com-

ponent test unit to heat load_ heat flux_ and coolant hydrogen flow rate with heat
transfer.
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The objective of the thermal cycle test was to evaluate the low cycle

thermal fatigue performance of the full-scale components at the simulated
design point operating condition. The hot gas and hydrogen conditions required

to produce the thermal performance simulation objectives (maximum tunnel heat-

ing condition of 4500°R) were to be established. The hot gas temperature was

to be then reduced from 4500 ° to 2500°R in approximately 2 min (constant hot
gas flow rate)_ maintained at 2500°R for I min, increased to 4500°R in 2 min

and maintained at 4500°R for I min. This cyclic pattern in hot gas tempera-
ture was to be repeated a maximum of I00 times or until a failure of the test
unit occurred.

5.6.2 Stru_ural Design

In order to verify the analytically derived performance of the major sub-

assemblies_ the following test adapters were designed:

Inlet spike

Innerbody

Leading edge

Outer shell

These adapters were designed as water-cooled units fabricated from SAE

I020 mild steel, except certain coolant pipes and tubes which were made of type

321 corrosion resistant steel. The following mechanical properties were used

for the design:

Temperature, °F

E_ psi

Ftu , psi

Fty _ ps i

_x, in./°F

SAE 1020

Ambient

70,000

40,000

2OO

35,000

1600

30,000

Type 321 CRES

(0.2 Percent YS)

< 200

28 x 106

55,000

56,000

6.5 x 10-6

The maximum allowable mechanical stress used during the design was limited to

0.5 Ftu or 0.75 Fry (whichever was less).

5.6.2.1 Inlet Spike

This adapter was designed primarily for the innerbody testing (see para.

5.6.2). Only minor modifications were required to use the adapter (shown on

Drawing L980614) for the inlet spike tests. These tests were not intended to

simulate the primary design loads on the spike_ i.e., unsymmetrical unstart

,.-..°.UNCLASSIFIED 72-8237
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and high external net pressures. A heavy-duty conical spool part made from

SAE I020 mild steel was designed to support the spike mounting cone to the

test ducting. Minor plumbing modifications were required; however_ they did

not affect the structural integrity of the test fixture.

5.6.2.2 Innerbody

5.6.2.2.1 Design Conditions

The innerbody test adapter was designed to meet the following operating

and proof test conditions:

a. Operating Conditions

Tunnel gas flow

Cooling hydrogen in

Cooling hydrogen out

Cooling water in

Cooling water out

Pressurizing nitrogen

Nitrogen_ hot gas press.
diff

b. Proof Test Conditions

Temperature_ OR

< 4500

200

1600

550

560

56O

Ambient

Pressure_ psi

300

700

I00

32O

30 psi

300 (water pressure

in each flow path)

5.6.2.2.2 Structural Analysis

5.6.2.2.2.1 Two-Plate Door Assembly

Under operating conditions, this assembly, consisting of two parallel

plates, is designed to resist a 30-psi Ap across the door. The internal water

pressure being 50 psi, the assembly must simultaneously resist a (300 - 50) =

250-psi AP across each plate. It must also resist a 300-psi internal proof

pressure at room ambient pressure and temperature.

Pins and, whenever necessary for assembly and disassembly_ short tubes

were used to maintain plate spacing and to maintain the bending stresses_ due

to the AP between the coolant and the internal gases_ within allowable limits.

The maximum allowable distance between the pins_ if these were placed in the

common square pattern, would be about twice the mean pin distance that is being

used in an axisym_trical pattern. This provides a high margin of safety. The

door assembly will assume some bowing under the 30 psi AP_ but the stresses due

to this effect will remain within allowable limits.
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5.6.2.2.2.2 Duct Assembly

The flanges of the duct assembly are bolted to the test tunnel with 24

bolts_ preloaded to IO_O00 Ib per bolt_ which is considered adequate to prevent

separation of the duct assembly from the tunnel under a 300-psi pressure.

5.6.2.2.2.3 Pipes and Tubes

Of all pipe_ and tubes_ the hydrogen outlet central tube_ which operates

at 1600°R and 700 psi_ experiences the highest loading_ resulting in a stress

of 15_000 psi The margin of safety equals 22__500 _ I = 0.5.
• 15_000

5.6.2.3 Leading Edge

5.6.2.3.1 Design Condi t Tons

The leading edge test adapter is designed to meet the following operating

and proof test conditions:

a. Operating Conditions

Hot gas

Cooling hydrogen in

Cooling hydrogen out

Cooling water in

Pressurizing nitrogen

Pressure differential

(maxi mum )

b. Proof Test Conditions

Temperature_ °R

4500

200

690

530

560

Pressure_ psi

300

700

I00

302

15

Ambient 300 (water pressure)

5.b.2.3.2 Structural Analysis

Proof pressure load on the circular flat plate on the forward plug created

high stresses. Even with ,/2-in. plates 3 it was necessary to tie the two

plate halves together with eight I/2-in. tie pins at a radius of approximately

3.0 in._ and with 15 pins at r _ 6.8 in. The maximum bending stress in the

plate was then equal to 13_000 psi_ with a resulting margin of safety against

yield of I.II.

[_ AIRESEARCHMANUFACTURINGCOMPANYL_A.,,_c.._=.. UNCLASSIFIED
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The design of the conical and cylindrical double-wall shells was governed

by buckling of the inner shell under proof pressure. An approximate formula

for buckling of these shells is:

Et !2 t2
p = 0.807_ - v 7

where p = buckling pressure, psi

t = wall thickness, in.

r = radius, in.

! = distance between ends held circular

For an ultimate factor of safety of 2.0, i.e., a design buckling pressure of

600 psi, it was necessary to weld spacers between the inner and outer wall for

the two aft shells. The forward plug is sufficiently rigid and does not require

any connecting spacers.

The flange connection to the main duct was designed to react to a pressure
thrust of

thrust = poT_r 2 = 300 (TT) (15) 2 = 212,000 lb

The flange was designed with the mating surface relieved approximately I/2 in.

in from the inner and outer diameter. This ensured that I/2 of the clamping

load acts in the seal area. The sealing element is a rubber 0-ring which

requires minimum pressure to seal. Flanges were fastened with 32-3/4-in.-dia

bolts (Ftu > 125_000 psi) torqued to 85 percent of the yield which created

18,700 Ib tension in each bolt. Maximum bending stresses in the flange were

22,000 psi (MSyiel d = 0.21).

5.6.2.4 Outer Shell Structural Design

A schematic representation of the outer shell test unit is shown on

Figure 5.6-Ia. The unit consists of the following major items:

Forward spool (A)

Outer shell test specimen

Aft spool (B)

Plug

The design was based on the assumption that the spools A and B are externally

supported for deadweight while still allowing radial and axial thermal growth

of the whole assembly. Stresses due to the dead load of the assembly were
then negligible.
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The assembly was designed for two different loading conditions:

(a) A 500 psi hydrostatic proof pressure on the coolant passage areas

shown in Figure 5.6-Ib at room temperature.

(b) Operating coolant pressure of I00 psi in the coolant passages of the

assembly and 300 psi hot-gas pressure in the gas-annulus area as

shown in Figure 5.6-Ic.

All l_arts of the assembly (except the outer shell)were to be fabricated

from SAE 1020 steel. The inside plug will be insulated. Maximum hot skin

temperature of the plug will be 680°F_ maximum AT, 370°F.

The inner plug is supported by a 5.0-in.-dia pipe. This pipe is in turn

connected by an array of six equally spaced radial pipes (2.5 and 3.0 in. dia)

to the aft spool. External loads are 3300-lb axial load due to the drag of the

gas flow, and 491.0 lb due to the weight of the plug and the coolant during

operation. Stresses in the members due to the combined effect of these loads

are small. The peak stress in this assembly is 4580 psi and the margin of

safety is 4.0. Maximum vertical deflection of the tip of the plug is 0.0023

in. while the horizontal displacement is 0.0019 in. (axial direction).

The double shell of the plug is formed by two truncated cones and a straight

cylindrical section. These shells are closed near Station 40.44 by two flat

plates tied together with O.5-in.-dia pins. Maximum bending stress in the 0.5-

in.-thick plate is 13_500 psi_ giving a margin of safety of 0.79 at 565°F.

Critical buckling pressure of the O.I-in.-thick outer shell is 64 psi.

This is much less than the actual net external pressure during operation (200

psi). Six rows of O.375-in.-dia pins between the inside and the outside shells

raise the critical buckling pressure to 400 psi if the rows are spaced at 5-in.

axially. The outside shell is not welded to these pins to allow for axial

expansion. The front spool is a 20-in.-dia straight section with brazed

20R-0.075-0.004 stainless steel fins_ a O.065-in.-thick inside shell, and one

O.25-in.-thick outside shell. Two l-in.-thick flanges connect this section

to the tunnel. These two flanges are interconnected by twelve O.5-in.-thick

gussets to transmit the axial load due to the duct diameter change from 20.0

to 30.0 in. The flanges are connected with 24-5/4-in.-dia bolts. Using 85-

percent yield load on these bolts (125,000 psi ultimate strength material),

the flange sealing load is 13,000 lb_ which is adequate for a rubber O-ring,

requiring minimum pressure to seal. The safety margin over yield due to bend-

ing in the flange is 0.00.

Maximum temperature of the front spool is 850°F at the inside tip of the

flange. Low-cycle fatigue analysis of this area indicates that the assembly

has sufficient strength for approximately 3_000 cycles. Planned operation of

the test assembly is 20 hr of 5-min-long cycles_ (240 cycles).
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l The aft spool is an 18-in. lon9_ 30-in.-I.D. spool with 0.25-in.-thick

welded inner and outer surfaces. Maximum stresses are 34_600 psi at proof

pressure, giving a safety margin over yield of 0.04, without deducting the
relieving effect of the six inner plug support pipes. The inner shell is
exposed to a maximum hot surface temperature of 425°F and a AT of 70°F_ creat-

ing thermal stresses well below the yield point of the SAE 1020 material.

,.5.7 SYSTEM WIND TUNNEL ANALYSIS

5.7.1 Aerodynamic Heatin_

Heat transfer analyses were performed for SAM hydrogen-cooled surfaces at

maximum wind tunnel conditions. The calculations were based on equilibrium

expansion to Mach 7.34 of methane-vitiated gas (_ = 0.8). The analysis was

for the case of no injection of gases through engine fuel injectors into the

methane products stream during operation.

The aerodynamic data for methane-vitiated gas flowing adjacent to center-

body and outerbody surfaces_ and the analytical heat flux distribution is

shown in Figure S.7-1.

The cone-rule modification factor (30.5 for laminar flow and 20.2 for

turbulent flow) was used on the spike for just aft of the tip to Station XX =

39.4 in. The cone rule was not used on other engine surfaces. A transition

Reynolds number (based on surface length from leading edges) of I x I07 was

used on the spike, and I x IOS on the inner surface of the outerbody. The

resultant transition locations are shown in Figure 5.7-I.

Combustion products gas radiation to cooled surfaces was not considered.

A review of hot-gas heating at Mach 8_ 88_O00-ft flight conditions indicated

that gas radiation contributed less than I percent of the hot-gas radiation of

hydrogen combustion products for Mach 8 flight at 4300°R. The average hot-gas

static temperature of methane combustion products for SAM wind tunnel condi-

tions is 1200°R. In addition_ the radiation emissivity for methane combustion

products (CO 2 and H20) is less than that for hydrogen combustion products of

Mach 8 flight (H20). First_ the static pressure for SAM wind tunnel conditions

is less than Mach 8 flight_ and second_ when carbon dioxide and water vapor are

present together the total radiation due to both is somewhat less than the sum

of the separate effects because each gas is somewhat opaque to the other.

The aerodynamic heat transfer analyses were performed with a constant hot-

gas total enthalpy (1095.3 Btu/lbm) corresponding to a total temperature of

3600°R. Based on a net heat transfer rate to the centerbody and to the inner

surface of the outerbody of 2550 Btu/sec and an estimated hot-gas rate through

the annular section of the engine of 28.7 Ib/sec_ the hot gas total temperature

will decrease to 3350°R at the end of the engine.
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5.7.2 Structural Loads

Wind tunnel testing of the SAM exposed the engine-tunnel adapter system
to loads generated by the tunnel operation. These were due to:

(a) Insertion and retraction of the SAM into the tunnel_ a 2.0 g verti-

cal inertia load. Weights and weight distribution used for inertia

load calculation are shown on Figure 5.7-2.

(b) Aerodynamic loads due to tunnel unstart. The symmetrical and asym-

metrical inlet unstart governed the design of many components of the

engine. The five aerodynamic load cases governing the design of the

SAM and its tunnel adapters are shown on Figure 5.7-3. These loads

occur while the model and its adapters are at elevated temperature.

Side plates of the assembly were designed to withstand a IS-psi

pressure load.

The effect of the following additional loads was studied:

(a) Loads due to transportation and handling were taken as S.O g inertia

with the unit at room temperature.

(b) Coolant pressure is 90 psi9 maximum in the leading edge coolant cir-

cuit of the support structure during operation_ while in the side

panels it is 180 psig. Proof pressure is l.S-times operating pres-
sure (13S and 270 psig).

5.7.3 Thermal Performance

5.7.3.1 Steady State Performance

Metal temperatures and temperature differences along the hydrogen-cooled

plate-fin surfaces are presented in Figure 5.7-4 for the centerbody and Figure

5.7-5 for the outerbody. Plate-fin panel cross-section temperature differences

are 490°R or less. The maximum AT of 490°R occurs at Station 40.4 (cowl lip

at Station 37.44) on the leading edge. Other relatively high AT's are 405°R

at Station 35.0 on the spike_ 380°R at Station 42.0 on the spike, and 360°R at

Station 57.4 on the inner shell. A AT of 450°R was calculated on the strut

sides. All other AT's are less than these. For Mach 8 flight_ the predicted

AT's were 950°R on leading edge and outer shell surfaces_ and 1200°R (caused

by shock impingement) for localized areas of the outer shell.

The maximum panel heat flux of SAM wind tunnel conditions is 170 Btu/sec-

ft 2 at Station 40.4 on the leading edge_ compared with 700 Btu/sec ft2 on the

outer shell (excluding localized shock impingement) at Mach 8 flight conditions.

The effect of cowl leading edge shock impingement on the spike at Station 39

has been included in Figure 5.7-4. Shock impingement which occurs at Station

XX = 57.4 on the inner shell is caused by the rearward-facing step at the end
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Figure 5.7-2.Sam Weight Distribution_ Spike Retracted
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f/

S-50979

i

NO.

i I

LOAD CASE
DESCRIPTION FXE FXC FXp FXS :YE + Fyc

SYHHETRICAL INLET UNSTART 4005 Z30 2500 1560 0

2 ASYMMETRIC INLET UHSTART 5350 250 2500 1560 ,,,2000

5 SYMMETRICAL TUHNEL UNSTART -8000 -1253 - 500 -3400 0

4 ASYMMETRICALTUNNEL UNSTART 960 Z30 Z500 1560 18860

5 INLET AND TUNNEL STARTED 960 250 2500 1360 0

Fyp Fys

0 9

0 9

0 0

8017 15615

0 0

S- 72684

Figure 5.7-3. Sam Aerodynamic Loads
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of the spike_ Station 55.76. A heat flux of four-times the local flat-plate
2

value of 40 Btu/sec ft was estimated for this shock impingement.

The normal hydrogen flows_ which were selected to give 1600°R maximum

structural temperature and outlet temperature for each flow route are summar-

ized below. The inlet temperature is 200°R.

Spike

Innerbody

Leading edge

Aft outer shell (at inlet)

Strut sides (from outer shell) 0.026

Aft outer shell (at outlet) 0. I02

Flow Rates_ Outlet

Ib/sec Temp_ OR

0.227 1347

0.066 1600

0.200 1600

0.128

- 1430

- 1600

Total 0.621 -

Average - 1500

5.7.3.2 Transient Thermal Performance

Transient heat transfer analyses of the SAM during the starting sequence

in the tunnel were performed. The object of the analyses was to determine

structural cross-section temperature differences during startup so that thermal

stresses resulting from these temperature differences could be evaluated. In

general3 thermal stresses resulting from structural temperature differences

greater than 800°R will reduce the engine life below the design objective of

I00 cycles. Results of the analyses were also used to establish test conditions

that were within the design range of the engine assembly.

The locations where startup transient metal temperatures were analyzed are

listed in Table 5.7-I along with the maximum calculated cross-section tempera-

ture differences. Two values are given--"one-way" and "reversal"-- where the

latter is the absolute sum of differences to either side of a base temperature.

A reversal of temperature gradient effectively increases temperature difference

in terms of structural loading to a value equal to the sum of the differences.

Included in Table 5.7-I are the steady-state cross-section differences.

Modification of the tunnel startup sequence used in the transient heat

transfer analyses can result in more severe transient conditions than reported.

The total startup time used was 4 sec (start of engine hydrogen flow_ engine
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insertion into tunnel3 and spike retraction). With the present sequence, the

valves are opened at time zero and hydrogen at 200°R starts to flow through

the engine. Hot-gas heating starts at I sec and steady-state heating is estab-

lished at 4 sec. This quick sequence does not allow a substantial cooldown of

the engine structure prior to insertion into the hot-gas stream.

If, instead of the operational sequence described above, the hydrogen

flow were started at time zero and the engine allowed to linger in the pod for

5 to I0 sec prior to injection into the hot-gas stream, the engine structure

would cool down to a temperature slightly above the inlet hydrogen temperature

of 200°R. Injection into the hot-gas stream at this point would still result

in fast-responding outer walls (0.015 in. thick) as resulted from the above

startup sequence. The structural walls (0.060 in. and thicker) would also

respond similarly. However_ the structural wails are 2000 to 300°R cooler at

the start of heatup. This would create temperature differences that are 2000

to 300°R higher than reported. The timing of the startup sequence can, there-

fore3 be used as a means of adjusting the severity of the therma] cycle
condi tions.

Results in Table 5.7-I indicate that the structural temperature difference

of the strut sides reaches 1250°R during transient startup to the SAM maximum

tunnel total conditions of 3300 psia and 3600°R. Additional therma] transient

analyses were performed to determine the SAM test operating condltiom required

to limit strut-sides structural temperature differences to 900°R during thermal

cycling testing. It was determined that structural temperature differences

could be limited to 900°R with 1350 psiaj 26_0°R tunnel total conditions_ and

with room temperature inlet hydrogen coolant. In addition, it was determined

that a two-cycle test (engine withdrawal and reinsertion into the tunnel during

one tunnel blowdown) could be conducted to obtain approximately the same temp-

erature differences during the second cycle as the first.

5.8 WATER-COOLED WIND TUNNEL ADAPTERS

The cowl/pylon and support structure assembly of the SAM is water-cooled.

The design is shown schematically in Figure 5.8-I. In order to determine the

coolant and structural design of the assemblies_ aerodynamic_ heat transfer3

water coolant pressure drop_ and stress analyses were performed. These are
summarized below.

5.8. I System Confi.c]uration

The cooling system of the cowl/pylon consists of four separate flow routes

as shown schematically in Figure 5.8-I. Combined water-flow rates of 160 gpm

at 90 psig inlet pressure and 60 gpm at 180 psig inlet pressure are required

for cooling. Route No. I cools the leading edge of the pylon; route No. 2

cools the main portions of the pylon and cowl; route No. 3 cools the forward

portion of the cowlj a 3-in.-lon9 section between Station 41.&55 (forward edge
of the cowl) and Station 44.455 (where the cowl meets the pylon leading edge) 7

and also the box-like surface of the rear pylon; and route No. & cools a 2.4-
in.-long cowl section between Station 44.455 (end of route No. 3) and Station

46.855 (beginning of route No. 2), and also the aft end cowl/outerbody seal.
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COWL CONICAL SECTION

STA 53. 185

COWL STRAIGHT SECTION

AFT FLANGE -

FLOW ROUTE
NO. 4

STA 72.30_

STA 41. 455

CO_L_ONICAL SECTION

(FORWARD COWL)

FLOW ROUTE NO, 3

FLOW ROUTE NO. 4

ROUTE NO. 2

f
AFT SUPPORT

COVER - FLOW
ROUTE NO. 3

FLOW ROUTE NO. I

WEDGE

S- 72517

Figure 5.8-1. SAM Water-Cooled Wind Tunnel Adapters
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The coolant water requirements for these routes as well as the support structure
described below are tabulated in Table 5.8-I.

The support structure and the flat bottom surface of the pylon are cooled

together by a single coolant water route as shown in Figures 5.8-2 and 5.8-3.

The leading edge of the wedge-shaped mounting structure is cooled by water

flowing through a stainless steel tube and parallel to the leading edge.

5.8.2 Heat Transfer Analysis

The SAM was tested in a methane-initiated gas flow. The freestream gas

conditions in the wind tunnel upstream of the engine 3 as used for heat transfer

analyses are Mach 7.3&3 3300 psia total pressure 3 5600°R total temperature and

= 0.8. Using the local aerodynamic conditions 3 the heat fluxes were computed.
The external flow for the entire cowl was assumed to be turbulent because the

Reynolds number 3 based on the integrated length from the outerbody leading edge 3

is about 0.76 x 106 .

The effects of the shocks from both the outerbody and pylon leading edges

were taken into consideration. Where the outerbody leading edge shock inter-

sects the cowl surface 3 a pressure differential will be produced across the

line of intersection and thus may result in a local flow separation. With use

of the empirical correlation that the heat transfer coefficient ratio is equal

to the static pressure ratio across the shock to the 0.9 power 3 the heat flux

along the shock-sweeping lines was estimated. The maximum wall temperature is

1370°F for the cowl and I088°F for the pylon side surface 3 both near the be-

ginning of the shock-sweeping lines.

The impingement of a shock on the leading edge of a blunt body in a super-

sonic stream produces a localized peak-heat flux near the shock impingement

point 3 but the magnitude and width of the peak-heat flux are not well established.

With application of the shock structure and correlation for peak-heat flux re-

ported in Reference 5.5-33 the shock structure for the interaction of the outer-

body and pylon leading edge shocks was established as 20-times larger than the

Fay-Riddell laminar stagnation heat flux on the outerbody shock-free leading

edge. A gas surface temperature of 15gO°F resulted. The width of this intense

heating was estimated to be 0. I12 in. 3 one-twentieth of the pylon leading edge
radius.

The pressure of surface protuberances causes separation of the oncoming

attached boundary layer flow 3 and the heat flux in the interference region is

generally higher than that in the upstream undisturbed flow region. The pylon

will induce this type of interference flow 3 locally3 on the cowl 3 upstream of

the pylon leading edge. In general 3 the magnitude of the resultant interfer-

ence heat flux depends on the shape of the protuberance and the upstream flow

conditions such as Mach number 3 Reynolds number_ and boundary layer thickness.

The maximum heat transfer coefficient in the interference region was estimated

at 17.3-times larger than that in the undisturbed flow at 9 in. from the outer-

body leading edge. This peak-heating produces a local maximum temperature of
1700°F on the water-cooled cowl.
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OF PYLON _1_ J

PART OF MOUNTING STRUCTURE

i S-51075 -A
INLET

Figure 5.$-2. Support Wedge (Route 5) - Cooling of Hating
Surface with Pylon, Leading Edge, and Part
of Sides (Reference Figure 5.8-3.)
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Figure 5.8-5, Support Wedge (Route 5) - Cool inq of Remaining

Part of Sides (Reference Figure 5.8-2.)
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A one-dimensional radial heat flow analyses on the leading edge of the

wedge-shaped support structure indicated a maximum surface temperature of 940°F.

The effects of the shock from the support structure leading edge on the pylon

bottom surface were taken into consideration. The maximum calculated gas-side
wall temperature on the surface was 370°F.

5.8.3 Structural Analysis

3.8.3.1 Cowl/Pylon

The cowl/pylon of the SAM is a water-cooled_ double-walled structure. The

cowl consists of a tapered-truncated cone and a cylindrical section. Leading

edge of the pylon is a 30-deg wedge which is attached to a straight section

and to the aft support cover.

The pylon outer (hot) wall is 0.090 in. thick_ while the thickness of the

inner wall is 0.125 in. Coolant passages are O.l-in.-high straight fins 0.004

in. thick_ I0 fins per in. Walls and fins are fabricated from CRES Type 347

stainless steel. Both the pylon and the aft box are brazed.

The cowl is a welded assembly fabricated from CRES Type 321 steel. Steel
plugs_ O.I in. highj welded between the 0.125-in. outer shell and the 0.1875-in.-

thick inner shell on a 2.5-in. radius_ tie the two shells together and form the

coolant passage. Between Stations 41.455 and 44.455_ the she]] thicknesses are

0.080 in. (outer) 0.12 in. (inner). Welded spacer bars keep the two shells

tied together and form the coolant passages in this area.

Stress analysis of the structure was performed using the EASE (Elastic

Analysis for Structural Engineers) digital computer program. A combination of

triangular shell elements and beams are used in this program to represent the

structure in the analysis. An isometric plot of the beams and the shell elements

generated during execution of the computer program is shown in Figure 5.8-4a.

The cowl/pylon was represented by 786 shell elements and 88 beam elements. Some

of the beam elements are marked with an asterisk in Figure 5.8-4a; these are

the imaginary beams simulating effect of the aft support cover. Loads acting
on the SAM were discussed in Section 5.7.2.

A summary of aerodynamic 3 thermal and coolant pressure containment loads

is shown in Figure 5.8-5. Aerodynamic load Case 4 is based on the assumption

that 15 psi is acting on the vertical projected area of the cowl/pylon. Since
such a load is of extremely short duration_ any analysis considering it as a

static load is considered conservative. Pressure during normal operation of
the tunnel is 2.0 psi or less.

The results of the analysis are shown in Figure 5.8-_b. Only the maximum

stresses are shown. The high 3 but localized temperature differences across the

hot-gas exposed metal cause plastic deformationj but the calculated maximum

cycle life is above I00.

The cowl/pylon is attached to the HRE suspension frame (wishbone) at

four places. Stresses due to the loads transmitted to the suspension frame

by the cowl are well within allowables.
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LOCATION OF
MAXIMUM STRESS

X
Z

/
_Y

TRIANGULAR
SHELL ELEMENTS

a. SAM Cowl/Pylon Structural Model

Pressure Loads, psi

2.0
Uni form

Tunnel

Unstart
i=

Maximum stress, psi I0,500 37,200

Yield strength at 33j700 36,750
temperature

2. I I -0.01Margin of safety

5 _ Inertia Load

X Y Z

I 0,000 5,040 -I 6, 300

39,500

2.95 6.83 IJ.42

b. SAM Cowl/Pylon Maximum Stress Due to Pressure and Inertia Loads $-7269!

Figure 5.8-4. SAM Cowl/Pylon Stress Analysis
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LOAD CASE F F F
'N0. DESCR]PTION Fcx px cy py

' I I SYHt4ETR|CAL INLET UNSTART 230 2`500 0 0

2 ASYRfdiETIC ZNLET UNSTART 230 2.500 O 0

3 SYHMETR|CAL TUNNEL UNSTART -I2,53 -`500 O 0

& ASY_ETRICAL TUNNEL UNSTART 230 25OO 121OO 8OI7

'5 INLET AND TUNNEL STARTED 230 2`500 0 0

a. SAH COWL/PYLON AERODYIE4J4IC LOADS

I8,5
3_6

17OU

280

2.S IN.

I `590

276

38`5

14.5

ZJ_L
161

RccrI'E /---- FLOM ROUTE

NO. _, _ N0. 2

ROUTE

NO. 4.

SWEEPING

LINE

SIDE

HETAL TEHPERATUNE

TEMPERATURE "F

PRESSURE, PSIG

FLOW N)UTE OPERATING HYDROTEST

I 90 135

2 90 135

3 180 285

180 28`5

b. SAH WATER COOLED CO_/L/PYLON HETAL TEI'IPERA'nJRE AND COOLANT PRESSURES

Figure 5.8-5. Sam Cowl/Pylon Aerodynamic3 Thermal3 and Coolant Pressure
Load Summary
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The hoop stress due to coolant pressure in the outer CRES 321 shell between

Stations 53.185 and 72.30 (cowl straight section) is:

Oh = pRt = 1.5 x0.12590x 13.95 = 15_066 psi

0.85 Fy -I 0.85 x 33000
M. Syield - Oh = 15066

-I = 0.86

The compressive hoop stress in the inner CRES 321 shell is

R

_h = _'= 1.5 x 90 x 13.65 9828 psit 0.1875 =

The safety factor against buckling of the cylinder was calculated on the basis

of the method presented in the 1965 NASA Report SP-8007_ and was found to be

0.59; therefore the two shells must be connected. The space between connections

welded between the shells is

= _/15.65 x O. 1875 = 1.6 in.

0.125-in. pins welded at 1.75 in. on center were used.

The proof pressure between Stations 41.455 and 44.455 (forward cowl) is

220 psi. Bars are welded between the outer and inner shells in order to utilize

the load-carrying capability of the inner shell. Both shells are 0.08 in. thick.

The spacing of these bars connecting the two shells is calculated as

:_/,1.75 x 0.8 : 0.97 (,.0 in.)

Thus_ two connecting bars were used.

5.8.3.2 Support Structure

The SAM is supported on a 24-in.-high_ 19-deg wedge-shaped structure. This

support structure is a double-walled_ brazed structure fabricated from Type 547

stainless steel. The outer surface 3 which is exposed to the hot gas flow_ is

O.I in. thick. Coolant passages between the outer surface and the inner wall

are formed by O.I-in.-high plain fins. The inner wall is 0.51 in. thick.

Figure 5.8-6 shows the basic geometry of the structure. The assembly is

anchored to its base by II-5/8-in.-dia bolts. The loads acting on the complete

system are described in Section 5.7.2.
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Figure 5.8-6. SAM Support Structure
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The maximum bending stress due to the combination of aerodynamic load

Case (d) and the 2.0g inertia load is 17_952 psi. Using 85 percent of the

0.2-percent yield strength as maximum allowable stress_ the margin of safety_

M.S. = 0.85f5_Y - I = 0.7 (quite high). The deflection of the structure perpen-

dicular to the _ of engine is 0.000296 in._ which is entirely acceptable.

Stresses in the leading edge due to pressure containment of the coolant

are 1780 psi. Thermal stresses in the side panels will be below the elastic

limit_ but the leading edge will undergo some plastic deformations. The ex-

pected number of life cycles will exceed 5000. The natural frequency of the

support with the model in place is 181Hz_ which is well above an expected

27-Hz wind tunnel input.

5.9 TEMPERATURE CONTROL SYSTEM

The design and fabrication of a temperature control system for the HRE

SAM differed from the earlier work on the HRE control system, the objective of

which was a controller to be mounted within the engine and handle engine opera-

tion for a wide variety of flight operating conditions. The objective of the

later effort was a control console to be located in the control room of the

hypersonic wind tunnel at NASA Langley. In addition, the intended functions

of this control system differ from those of the flight system in that the flight

control system was intended to control the spike, combustors, engine tempera-

ture, and several other variables in order to achieve best operating conditions

at a given Mach number and altitude. The present system is, in contrast, a set

of test support equipment which provides for engine temperature control in the=

relatively stable operating environment of a wind tunnel.

The functions of the SAM control system can be grouped in three

categories:

(a) It provides the necessary interface with the test facility. A set

of switches and interlocks will permit safe start-up operations_

and shut-down of the HRE SAM in step with the operation of the wind
tunnel.

(b) It provides manual control and visual monitoring of the total hydro-

gen flow rate and the ratios of the flow through the different par-

allel coolant paths.

(c) It contains an automatic temperature controller which increases the

total hydrogen flow rate if any of 27 temperatures in the engine

structure exceeds a preset value. Test data acquisition is accom-

plished by means of output lines from the SAM control system to the

facility DAS.

The design approach of the present system was to use analog computing

circuits_ rather than the digital circuits which were to be employed in the

flight control system. This approach is expedient here since the device

becomes a piece of control room equipment for which the local environmental

factors and package size are much less restrictive.
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5.9.1 System Confi_uration

A functional diagram of the temperature control system is shown in Figure
5.9-1. Gaseous hydrogen at about I000 psia and 200°R enters the pressure con-
trol valve (PCV). A simple pneumatic controiler_ not shown_ modulates the

PCV to maintain a constant gas pressure in the plenum. Hydrogen leaving the
PCV goes through the main flowmeter_ which measures the total mass-flow rate

of gas 3 then splits into four parallel flow paths. The volume flow rate in

each path is measured by a f]owmeter_ whose output is ratioed with the volume

flow rate through the main fIowmeter_ in order to display percentage flow

through each flow path. After passing through the cooled structures compo-

nents_ the hydrogen arrives at the fue] plenum 3 from which the flow again

divides. One path goes through two fuel dump valves (FDV)_ operated in

paralle]_ and thence to a facility vent line. The other path goes through
the injection control valve (ICY) to the injectors.

5.9.1.1 Temperature

Temperature is sensed at 27 locations in the SAM by means of chromel-aIumel

thermocoup]es. Each pair of thermocoup]e leads is brought to a reference junc-

tion 3 maintained at 150°F_ where connections to copper wires are made. The 27

pairs of copper leads are connected to 27 buffer amplifiers in the controller

console. Each buffer has two outputs; one goes to the data acquisition system

and the other to one channel of a 27-channel auctioneering circuit. The out-

puts of five set-point generators are also fed to the auctioneering channels.

These set-points correspond to the five zones of the SAM. Each channel has as

its input the difference between the temperature and the zone set-point for a

given thermocouple. The auctloneering circuit picks out the greatest of these

error signals and operates on it in the manner of a process controI]er. The

output signa] is suitably amplified and applied to the FDV.

5.9. 1.2 Fuel Iniection

During the changeover to the fuel injection operating configuration_ a

summing amplifier within the controller is used to provide a smooth transition

of flow between the FDV and the ICV. This amplifier has several inputs; name]y_

the contro] signa]_ the FDV bias signa]_ the derivative of the volume-flow rate_

and the purge command signal. The sense of the flow rate deviation signal is

to cause FDV to move toward a closed position if the flow rate increases 3 and

vice versa. This type of control is often called "feed-forward" in process

control. The bias signal serves to keep the FDV open when the ICV is closed

and all temperatures are below their set-points. In the absence of this bias

signal 3 the FDV would remain closed until one of the 27 temperatures reached

its set-point. Precooling before insertion into the hypersonic wind stream

requires that the FDV be biased to remain open in such a condition. The bias

signal is removed when the ICV is opened.

5.9.1.3 Flow Manaqement

The flow management system comprises four CRV's_ five turbine flowrneters_

a pressure transducerj and a temperature transducer--all mounted on the hydrogen

piping on the carriage beneath the SAM--and signal conditioning equipment_
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meters for displaying flow rate, CRV control amplifiers, and CRV adjustment
controls--all mounted in the console. The main flowmeter is located between

the pressure control valve (PCV) and the branching manifold. The four branch

flowmeters are located just downstream from the same branching manifolds and

upstream from the four CRV's.

Mass flow rate is computed by an analog computer according to the follow-

ing equation:

r_ = kpqlT

In this equation, (_) is the mass flow rate (e.g., in lb/min), (p) is the

absolute pressure 3 (q) is the volume flow rate, and (T) is the absolute temper-

ature. The coefficient, k_ includes the gas constant and the various scaling
factors between the electrical signals and the actual va]ues of (p), (q)_ and

(T).

The flowmeter sizes have been selected to cover the expected range of

hydrogen volume flow in each branch as well as in the maln flow section.

Calculations have been made of the nominal_ maximum_ and minimum mass flow

rates at each of the five flow-measuring points shown in Figure 5.9-I. The

maximum total flow rate has been established as 1.25 Ib/sec at a pressure of

900 psia and a temperature of 200°R. The nominal or design point total flow

rate is 0.622 Ib/sec at a pressure of 735 psia and temperature of 200°R.

Minimum flow is one-third of nominal mass flow rate, and occurs at an assumed

pressure of 700 psia and temperature of 200°R. The volume flow rates for the

three conditions and the flow rate range of the turbine flov_neter selected for

each of the five locations are tabulated below.

Flow Location Flow Ra.tes_ cfm F1owmeter T cfm

Minimum Nominal Maximum Range

Inlet (total) 19.2 54.9 90.7 I0.0- 125

Through CRV-I 7.05 20.1 33.1 4.0 - 50.0

Through CRV-2 2.04 5.85 9.65 1.5 - I0.0

Through CRV-3 6.19 17.68 29.2 4.0 - 50.0

Through CRV-4 3.97 11.31 18.65 2.5 - 25.0

Each of the five fiowmeters covers a greater flow range than that predicted by

the analysis. In addition to the ranges listed_ each flowmeter has an overspeed

capability of at least 50 percent.

The primary signal generated by each flowmeter is a frequency determined

by the rotor speed. The nominal maximum of the range corresponds to a fre-

quency of approximately 1200 Hz for each meter. For example, suppose that a

flow rate of 50 cfm through CRV-I would generate a frequency of 1200 Hz. The
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three calculated flow rates listed above for that flow path would generate

frequencies of 169_ _83_ and 795 Hz_ respectively. This frequency signal is

converted to an analog voltage for use by the flow computer or the data acqui-

sition system. This signal conditioning is accomplished by means of five

digital-to-analog converters_ one for each flowmeter_ located in the flow man-

agement section of the control console.

The performance of the flowmeters with nitrogen instead of hydrogen was

examined. The conclusion was reached that the volume-flow rate would be less

with nitrogen than with hydrogen. The greatest nitrogen flow rate occurs

during purge condition. In this condition_ both of the FDV's and the ICV are

opened. In addition_ the safety bypass valves around the PCV and the FDV's

are opened in order to clear their connecting lines of any hydrogen. (These

bypass valves are not shown in Figure 5.9-I).

5.9.1.4 Interface Loqic

A functional block diagram of the interface logic system is shown in

Figure 5.9-2. The system provides appropriate responses to signals from the

wind tunnel facility and generates signals to the facility_ enables the opera-

tor to start up and shut down the model_ and initiates appropriate action in

case of an alarm condition.

The following conditions constitute alarms_ any one of which causes

shutdown_ if:

(a) A high temperature causes the FDV to go completely open_ so that

there is no longer any ability to control or reduce temperature.

(b) The mass flow rate of hydrogen falls below a low-flow limit_ a

condition which implies a valve malfunction_ obstruction in the

line, or lack of sufficient hydrogen supply pressure. This alarm

is inhibited unless the carriage is in the raised position.

(c) Cooling water flow to the supporting structure connecting the SAM

to the carriage falls below a safe value.

(d) The operator presses the manual shutdown switch.

Any of these shutdown alarms causes the spike to close and signals the

wind tunnel operator to lower the carriagej withdrawing the SAM from the

hypersonic air stream. In addition_ the high-temperature and low-hydrogen-

flow alarms cause the bypass valves to open_ in order to increase the gas

flow rate through the SAM.

The logic system operates to provide a safe startup procedure. The start-

up sequence commences with the carriage in the lowered position and no gas flow

through the SAM. The operator clears all alarms that are still in effect

(alarms are held in by latching relays until manually cleared) and operates

the CALIBI_ATE RUN switch to the RUN position. He adjusts the FLOW PRESET con-

trol to set the FDV at some opening_ then requests gas flow (hydrogen or nitro-

gen) from the facility.
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When the tunnel is started and hydrogen flow is established_ the operator

satisfies himself that the flow rate values are correct. He then presses the

READY (carriage insertion) button. The carriage insertion circuit is closed

by this action_ and the tunnel operator is then able to raise the carriage.

When the carriage is in position_ a signal is received from the tunnel facility.

This signal enables the Low-H2-Flow alarm and enables the ICV switch.

The operator then operates the ICV switch to the OPEN position if desired.

A ramp generator is started which sends a command to the ICV to open at the

ramping rate. Simultaneously the FLOW PRESET signal is turned off_ in order

to permit the FDV to close. To prevent the FDV from closing immediately_ a

signal derived from the main flowmeter is switched on. This signal is propor-

tional to the rate of change of the volume flow rate. The FDV is thus con-

strained to move in such a way that the total flow rate through the SAM remains

nearly constant while the ICV is opening. When the ramp generator reaches its

limit_ the flow-derivitive signal is turned off and only the temperature con-

trol signal has any effect on the FD_/.

In a controlled shutdown_ the operator would operate the ICV switch to

the CLOSE position. He would manually close the inlet spike as a separate

step_ or could cause spike closure by pressing the MANUAL SHUTDOWN switch.

This switch also signals the tunnel operator to lower the carriage. In a

manual emergency shutdown_ the operator would simply press the MANUAL SHUTDOWN

switch.

Another condition is the one which results from a purge command from the

facility. This command may be given at any time_ although it will not occur

in the middle of a test except in an emergency. The purpose of purging is to

replace all hydrogen in the SAM piping by nitrogen. In order to accomplish

this_ all outlet valves and the bypass valves are opened and the system is

flushed with nitrogen gas. Referring to Figure 5.9-2_ it can be seen that a

purge signal opens the bypass valves_ the ICV_ and the FDV.

The function of the CALIBRATE/RUN switch is to permit manual operation of

each of the valves_ including the bypass valves. In the CALIBRATE position_

the various interlocks between valves are turned off. The carriage cannot be

raised unless this switch is in the RUN position.

5.9.2 Circuits

Solid-state electronic circuits are used throughout the temperature con-

trol console_ except that some latching and switching functions are accomplished

with relays. The electronic solid-state circuits consist of discrete components

and operational modules. These are mounted on printed circuit boards for ease

in servicing and replacing faulty units.

\ .
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5.9.3 System Dynamics

An analog computer simulation of the SAM coolant system and pressure and

temperature controls was prepared for analysis of the system dynamics. The

analog computer simulation was for the purpose of conducting transient analyses
for determination of:

(a) Cooling system transient operation relative to wind tunnel test
conditions

(b) Mathematical descriptions for electronic compensation networks as

required to produce safe operation for a11 tunnel operating con-

ditions and stable operation for tunnel nominal test conditions

5.9.5.1 Computer Run Conditions

Various runs were made on the computer; in which component parameters

were varied over their expected ranges 3 to determine relative effects of the

individual loop response-frequencies of the temperature control_ pressure

contro1_ and cooling system. The range of parameter variations is noted below.

Pressure Control

(a) Control gain:

(b) Valve natural frequency:

(c) Damping coefficient:

(d) Plenum volume:

(e) Sensing time constant:

Gains to provide a droop-band of

25j 503 and I00 psi.

I_ 3; and 5 Hz

0,33 0.7_ and 1.0

I000 to 5000 cu in.

0 to 3.0 sec

Temperature Control

(a) Control gain:

(b) Valve natural frequency:

(c) Damping coefficient:

Gains to provide a droop-band of

503 1003 and 200 deg.

I_ 33 and 5 Hz

O.3j 0.7; and 1.0 Hz

5.9.3.2 Computer Results

The computer results indicated there was a strong interaction between the

temperature and pressure control loops at low natural frequencies. The most

noticeable effect appeared at valve frequencies close to the resonant frequency

of the cooling system. For the pressure control loop3 noticeable instabilities

were present at a frequency of I Hz. At a frequency of 5 Hz they were sub-

stantially reduced with adequate valve damping.
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Similar effects were noted with variations in natural frequencies of the

temperature control valve_ although they are of a lesser magnitude. Incorpora-

tion of temperature control feedback_ however_ further decreased the damping

of the pressure control.

Increasing plenum chamber volume has a stabilizing effect upon the pres-

sure control_ although not sufficient by itself to achieve the stability

required.

To provide stability it was necessary to add electronic compensation in

the temperature control and also to orifice the pressure-sensing line.

A
S

The compensation added was of the form ms * I For various valve frequen-

cies and control gains there is an optimum value of the parameters A and T which

will provide adequate performance. Values selected are_ however_ very dependent

upon the control valve response characteristics. It was therefore necessary to

determine these characteristics through actual valve testing and incorporate

these in the computer simulation prior to finalization of the network parameters.
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6. DESIGN FEATURES

The specific designs adopted for fabrication of components and assemblies

required consideration of numerous constraints. Underlying all else were the

requirements imposed by the aerodynamic design and performance objectives.

The thermal and structural design occurred within the aerodynamic constraints.

Although manufacturing considerations were clearly important, they governed

the aerodynamic design only in the case of the outerbody and strut leading

edge radii. Performance objectives and survivability requirements were

governing in all other areas.

In the following, the design features of the flightweight engine struc-

tures are discussed. The water-cooled test adapters for SAM_ as well as

other equipment required in the SAM tests_ are also reviewed. Shell assembly

flow test adapters and a vibration model were designed, but not fabricated to

completion. The features of the vibration model are summarized; the flow test

adapters are discussed in both Sections S and 7 and are not further reviewed

in this section. Layout drawings are generally used as the basis for the
following discussion and are included at the end of the report. These layout

drawings occasionally differ in detail from the final design as fabricated.

Since they display all of the features of the components on a single sheet,

they are used, and the important differences are noted. All designs shown
were expected to meet the thermal and structural requirements that would have

been encountered in engine flight testing.

Design of the flightweight components was derived from the engine designs

evolved during Phase I of the program. The layout design of a qualification

test engine derived from this effort is presented. In the following, however_

the SAM assembly is generally used as the reference design, since it closely

reflects the initial engine design concepts and was fabricated and tested.

The hydrogen-cooled engine assembly for SAM is discussed in detail following

discussion of the components.

A mock-up of the engine assembly, discussed in Section 7, was used to

investigate assembly requirements, packaging of subsystems_ and routing of
fluid and electrical lines. Data derived from the mock-up was incorporated

into the designs as required. Since most of the subsystems required for

flight testing did not become a part of the SAM or were not required to be

internally packaged, no serious packaging problems were encountered in design

of the SAM.

6. I INLET SPIKE

The inlet spike has interfaces with the inner shell and with the actuator.

From a design standpoint, the most critical of these is the interface with

the inner shell.
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6.1.I Design Ground Rules

The requirements imposed on the design of the inlet spike included the
following:

I , Zero leakage sealing at the interface with the inner shell or

leakage flow that can be vented to low-pressure ambient. This

requirement is imposed so that low pressure levels can be

maintained in the engine cavities. Low pressure levels are

advantageous for two reasons. The first reason is to eliminate

the need for a large gas supply to inert the cavities. If cavity

pressure is maintained near nozzle base pressure, the structure

will contain any explosions resulting from hydrogen leakage into

the cavity. The second reason is to avoid large blowoff loads on

the spike, which would result from high pressure in the cavity,

either due to high leakage flows or inertlng. These blowoff loads,

in turn, would be imposed on the spike actuator.

. Fabrication of the spike in three sections to accommodate the large

change in diameter in forming operations.

5. Smooth aerodynamic surface. Initially, it was thought that

external doublers would be acceptable in terms of inlet performance.

Inlet testing, however, showed a potential starting problem at low
Mach numbers as a result of such doublers.

6.1.2 Features

Drawing L-980612 depicts the layout of the inlet spike. Sandwich shells

are used as the cooling jackets and ring-stiffening in the form of manifolds

is used to resist buckling loads in areas of high external pressure.

Hastelloy X is used throughout, except for instrumentation and coolant plumb-

ing tubes, which are CRES.

b.l.2.1 Spike Tip Coolin 9

The spike tip is shown as an enlarged detail on the drawing. Coolant

enters from the rear and distributes itself into the plenum and through a

central tube, which provides ducting to the hemispherical tip. The two coolant

streams combine and flow aft along the spike jackets. The tip of the cooling

tube is supported by the spike tip, but is not brazed to allow accommodation

of differential thermal expansions. An additional support for the tube is

provided near Sta. 4.40 to prevent the tube from vibrating. For the same

reason, the total-pressure tube from the spike tip is brought out of the

central tube at the first opportunity to limit the unsupported length of this

tube. As shown, the spike tip assembly forward from Sta. 7.00 is fabricated

from two sandwich sections. The final design used one sandwich section from

Sta. 7.00 to Sta. 1.56 and a single-skin nose cone for the remainder.
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6.1.2.2 Inner Shell-Inlet Spike Interface

The selected configuration for this interface uses a combination of

bellows and seals. Graphite-impregnated asbestos seals were used for the

sliding-seal application• The purpose of this seal is to provide a high

pressure-drop flow path into the cavity between the bellows and the spike

shell rather than to provide zero leakage. The leakage flow is then vented

overboard to a point of low pressure. In this way, the pressure loading on the

bellows is considerably reduced over that which would occur without a seal.

This design accomplishes two things: (1) it permits the use of a lighter

weight bellows and (2) it reduces the blowoff load that must be carried by the

actuator. The bellows material is Inconel 718, although the drawing bill of

materials indicates Hastelloy X.

6.1.2.3 Manifolds

The spike assembly uses two manifolds, one at Sta. 43.00 for fuel injec-

tion and another at Sta. 46.00 for the spike coolant outlet• The fuel injec-

tion manifold is made as light weight as possible to accommodate temperature

differences that will exist between the cooled shells and the fuel being

injected. At the same time_ this manifold serves as a ring stiffener for the

shell. The coolant outlet manifold is similarly used for ring stiffening.

Although pressures between Sta. 50.50 and 55.76 are high_ the pressure differ-

ence across the shell in this area will be essentially zero_ since the back

of the spike shell is open to engine pressure. Buckling loads here are

carried by the inner shell.

6.1.3 Fabrication Requirements

The inlet spike is fabricated from three main subassemblies. These are
described below:

I • The spike tip, extending to Sta. 7.00 is shown to consist of two

separate plate fin assemblies. In the final design_ one sandwich

section extends from Sta. 1.56 to Sta. 7.00_ and a single-skin_

machined cone is used for the nose.

1 The spike fore body_ extending from Sta. 7.00 to Sta. 35.00,

consists essentially of the conical portion of the spike• The

break point at Sta. 7.00 was established by forming considerations_

that is_ by the diameter ratios at the two ends. The break at

Sta. 35.00 permits a change in fin height from 0.153 in. to 0.050 in.

The use of a single fin height for the inlet spike is not practicable.

A low-height fin is required in the aft spike for satisfactory

cooling. If this fin were used in the fore body, the pressure drop

would be too high.

The spike aft body, extending from Sta. 35.00 to Sta. 55.76_

consists of the cooling surface proper and the flow return to

permit translation of the spike over the inner shell. The internal

shell for the reverse flow section is fabricated from heavy sheet

(O.090-in. thickness)x which was machined to ensure a smooth surface

for the sliding seal.

UNCLASSIFIED 72-8257

Page 6-3



UNCLASSIFIED

The doublers used at the joints of the shell subassemblies are shown to

be externa] in the layout. As noted above, it was subsequently required that

the aerodynamic surface be smooth. The doublers at all three shell joints

were, therefore, made internal by providing relief in the fin passages.

6.2 INNER SHELL

The inner shell has interfaces with the nozzle_ the inlet spike, the

inlet spike actuator, and the struts. Consideration of each of these areas

was required to define the final design.

6.2.1 Desiqn Ground Rules

The critical design problems for the inner shell occur at the interfaces.

The interface with the inlet spike is governed by considerations of assembly

and accessibility. The interface wlth the strut must provide the requisite

structural strength and must accommodate the subsonic fuel injection manifolds
and the inner shell/nozzle coolant crossover manifold and connection. The

interface with the nozzle must have provisions for sealing both the coolant

crossover and the internal cavity from the propulsion stream and also must

permit attachment of the nozzle. The interface with the actuator must permit

sliding the actuator into the inner shell (after strut assembly and alignment

of the actuator centerline relative to the shell center line), by using shims

for custom fitting.

6.2.2 Features

Drawing L-980609 depicts the layout of the inner shell. A sandwich shell

is used as the cooling jacket, with ring stiffening in the form of manifolds

being used to resist buckling loads. In addition, the shell is shown rein-

forced between the manifolds at Sta. 50.46 and 55.67 by the use of four sheet

metal segments around the internal periphery. This reinforcement was deleted

from the final design• Three of the four separate manifold rings are used as

structural members. These are:

I • The forward manifold at $ta. 50.46 which is the coolant outlet for

the innerbody flow route. It carries a flange for attachment of

the sealing bellows between the inlet spike and the inner shell.

Details of the actual interface are shown in the spike layout_

Drawing L-980612.

. The fuel injection manifold at Sta. 55.67. Several design

approaches were considered for this manifold. Four of these

approaches are described below.

(a) The use of individual fuel tubes to each of the fue]

injection ports. These tubes would penetrate the

manifold shown on Drawing L-980609_ which would then

act only as a ring stiffener. To control thermal lag,

coolant could be bled from the shell through the manifold
and back to the shell.
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(b) The use of a dual manifold (one manifold within the other).

The inner manifold would be used as a fuel injection

manifold. Coolant would flow in the space between the

two manifolds to ensure temperature equalization.

(c) Attachment to the manifold of small diameter lines

carrying coolant. Coolant from the inlet spike exhaust

could be used in these lines to ensure temperature
equalization between the manifold and the shell. The

small q_antity of coolant required to achieve this purpose

would be routed to the fuel plenum after passing around
the manifold.

(d) The design shown in the layout drawing_ which was used in

the final design. This design assumes that the tempera-
ture differences encountered at this location are

acceptable in terms of thermal loading and fatigue life.

, The fuel injection manifold at Sta. 59.55. This is a nonstructural

component fabricated in six segments. The mass of the structure

has been minimized to reduce loads resulting from thermal lag and

to reduce weight.

The crossover manifold at Sta. 65.6_ which serves as the coolant

inlet for the inner shell.

All manifolds are fabricated from Hastelloy X. The crossover manifold

and the forward fuel injection manifold are locally cut out and reinforced by
doublers to accommodate the strut mounts and to transmit the strut loads.

6.2.3 Fabrication Requirements

The assembly sequence reflected in the design for the inner shell and
used in the fabricated assemblies is as follows:

I. Braze the shell assembly (hot shell, fins_ and cold shell).

. Machine the ports into the shells for the fuel injection nozzles

at the manifolds and for the instrumentation fittings.

3. Machine the cutout for the struts.

Install and braze the fuel injection nozzles and the
instrumentation inserts.

. Install_ tack in place, and braze the various manifolds_ the

strut socket_ and its doublers and gussets.

The crossover manifold at Sta. 65.6 is a prebrazed assembly which is
installed as a unit. Similarly_ the fuel injection manifolds at Sta. 59.53

and 55.67 are prebrazed. A separate braze cycle for the gussets that tie the
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strut mounting to the manifold rings exists as an option, but was reserved
for repair rather than primary brazing in the final design. Since this part

of the structure operates at temperatures below 1600°R_ considerable flexibility
exists in the selection of braze filler ai]oys.

6.3 NOZZLE

The nozzle involves two critical design problems; (I) provisions for

assembly of the nozzle to the inner shell must be made, and (2) access to

permit such assembly must be provided.

6.3.1 Design Ground Rules

Design of the nozzle proceeded on the assumption that a11 of the nozzle,

and structure brazed directly to the nozzle, woulcl soak to temperatures of

approximately 1600°R prior to start of coolant flow in flight. This assumption

is the most pessimistic that could be made. The importance of this assumption

is that metal seals only were acceptable. Many of the design features adopted

stem directly from this basic assumption. Subsequently_ detailed analysis

showed that the use of spring-loaded Teflon seals ('Omni-seals") was feasible.

Such seals were used for the SAM tests and performed well.

6.3.2 Features

Drawing L0980604 is the completed layout of the nozzle.

6.3.2.1 Nozzle Cap

The nozzle cap is used to make the final engine c]oseout. It is threaded

into the brazed mounting provided on the shell and is locked into position

using the center bolt. Although the locking bolt picks up load by its mere

presence, its primary function is to lock the nozzle cap against rotation.

The metallic seal at the bolt end is a standard part suitable for use with

threaded fittings. As shown, the large seal at the interface with the shell

is specially fabricated to be of the same type as the one used under the bolt.

Metallic "K" seals are used to seal the nozzle cap cavity from the remainder

of the nozzle. As noted above, "Omni,seals" were used in all these locations,

except under the bolt_ on the SAM. Removal_ in turn, of the bolt_ the cap,

the male thread supporting the cap, and the central tube, gives access to the

nozzle cavity. Connections for instrumentation of the nozzle can be made

through the nozzle cap opening, which also provides access to the bolts with
which the nozzle is mounted to the inner shell.

6.3.2.2 Bolted Flanqe/Manifold

The flange/manifold consists of the manifold itself, fabricated as a

weldment from two machined pieces_ and a brazed face. The coolant crossover

connection to the inner shell is provided by ports sealed with conventional_

metallic "K" seals (later changed to "Omni-seals"). Fastening occurs on

either side of the seal using blind inserts in the flange/manifold assembly

of the inner shell. The tubes shown extending from the manifold serve to guide
the wrench used to torque the bolts. These tubes are welded into the manifold

to eliminate possibility of leakage.
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6.3.2.3 Shell

The thermal design of the shell had as its objective the use of a single

fin height along the entire length of the nozzle shell. During Phase I,

different fio heights were used to reflect variations in heat flux. Analysis

showed that use of a single fin height is feasible and even desirable. The

resulting increase in pressure drop was within acceptable limits and aids in

assuring better flow distribution than could be obtained with the very low

pressure drop encountered in the two-fin approach. Use of a single fin also

was expected to simplify manufacture and assembly of the shell.

6.3.2.4 Nozzle Cap Purging

Because of its configuration and flow arrangement, the nozzle cap cannot

be readily swept by the purging fluid. In the final design_ as used on the

SAM, the center tube was ported near the door assembly (Item 12 in the layout).

This provides for a small amount of flow directly into the nozzle cap cavity.

6.3.3 Fabrication Requirements

Fabrication of the nozzle assembly involved no special considerations.

It was arranged in steps paralleling those used for the inner shell.

6.4 LEADING EDGE

The leading edge has interfaces with the outer shell and with the abla-

tively cooled cowl. In contrast to the interface problems encountered with

other cooled-structure components, the design problems of the leading edge are

primarily associated with assembly of the leading edge itself.

To evaluate the thermal fatigue and coolant-side heat transfer in the

region of the leading edge stagnation line, straight sections of the leading

edge were designed, fabricated_ and tested. The design features of these

straight sections are discussed below, following discussion of the full-scale

leading edge design.

6.4.1 Full-Scale Leadin 9 Edge

6.4.1.I Design Ground Rules

The general objectives sought in design of the leading edge were:

(a) Use of the largest possible gap for coolant flow at the leading

edge stagnation line. It is considered that reliable manufacture

requires minimum gap of approximately 0.020 in. Gaps less than

this are subject to plugging by braze alloy and require extremely

careful control of braze alloy quantity and braze cycles.

(b) A manifolding arrangement into and out of the leading edge which

permits flexibility in the selection of manifold cross-sectional

area and number of inlet and outlet lines. This flexibility, in

turn_ assures opportunity for control of leading edge flow

distribution.

_ AIRESEARCH MANUFACTURING COMPANY
L_ Angl'4_ C_k_nl&

UNCLASSIFIED 72- 8237

Page 6-7



UNCLASSIFIED

(c) Temperature matching at the inlet and outlet stations of the leading

edge section. Temperature differences up to about 300°R at these

sections are acceptable. Much larger temperature differences were

expected to lead to thermal stress problems.

(d) Detail configurations and assembly sequences that would permit

verification of the structural integrity under internal pressure

loading at various stages during manufacture.

(e) Avoidance, if possible, of weld joints at the stagnation 11ne or of

brazed joints in the immediate area of the stagnation line. Both

were deemed risky.

6.4.1.2 Features

Drawing I.-980611 depicts the layout of the leading edge. The design

shown was expected to meet the thermal and structural requirements predicted

for flight engine testing. The leading edge is fabricated from Hastelloy X_

except for the coolant and pressure-sensing tubes, which are CRES. The final

design as used for SAM incorporated a Nickel 200, as opposed to Hastelloy X_

tlp section.

The crossover arrangement for coolant from the leading edge to the outer

she11, at Sta. 43.44, requires that the manifold flanges be scalloped. The

flange ring, Item 19_ is preheated for clearance over the internal hot shell

during installation. This is done in preference to providing a joggle in

this shell.

The leading edge tip from approximately Sta. 36.4 forward was designed as

a separate multipart assembly, consisting of eight tip segments. Fins are

shown machined into the surface of the tip segments in Section E-E of Drawing

L-980611. The final design used sheet metal fins brazed in place. Because of

the conical shape of the internal and external hot skins_ installation of the

tip as a single circular part is not possible. The use of multiple tip-sections

permits installation of the tips with minimum flexing of the hot skins. At

the same time_ fabrication of the tip portion of the leading edge as a separate

subassembly permits use of positive loading during brazing to ensure the

required fitup for brazing. The tip portion is joined with the main body of

the leading edge in three places. The wedge-shaped joint at the center acts

as a sea1_ as well as the principal structural joint. The outer skins are

butted together and closed out with brazed strips. For aerodynamic considera-

tions_ the brazed strip on the leading edge internal surface is then feathered

to minimize blockage in thls critical area.

6.4.1.3 Fabrication Requirements

The design assembly sequence for the leading edge is described below.

This sequence was followed in fabrication of the hardware, as discussed in

Section 7.

_ AIRESEARCH MANUFACTURING COMPANY UNCLASSIFIED 72-8237
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I , First brazing operations:

(a) Inner shell assembly, consisting of the hot shell, fins_
and cold shell.

(b)

(c)

Outer shell assembly_ consisting of hot shell, fins,

cold shell, and support ring.

Leading edge tip assembly, consisting of the leading

edge tip segments and the formed shell.

2. Machining Operations:

Drill holes in shells to accept instrumentation fittings. Final-

machine manifold components and support ring segments to fit brazed

shells.

5. Second brazing operation:

(a) Install and braze the outlet manifold and instrumentation

fittings on inner shell.

(b) Install and braze support ring segments_ the inlet

manifold forward ring, and instrumentation fittings

on the outer shell.

(c) Install and braze crossover tubes and doublers in the

outlet manifold.

(d) Leak test each of the shell assemblies.

/_. Third brazing operation:

e

Install the aft ring of the inlet manifold on the outer shell

subassembly; assemble and braze the two shell assemblies.

Fourth brazing operation:

Assemble and braze the leading edge tip assembly to the leading

edge main body.

The reason for the four braze cycles is to permit leak-checking and repair

of each of the subassemblies. The entire leading edge assembly can otherwise

be fabricated in two braze cycles.

6.4.2 Leadin 9 Edge Strai.cjht Section

Two leading edge designs were evaluated by means of straight sections

representing the full-scale leading edge tip regions. In the one, flow of

coolant was perpendicular to the stagnation line and centrifuged around the

stagnation area. This is the configuration that was used in the SAM. The

second configuration used coolant flow parallel to the stagnation line. This

configuration was evaluated as a straight section only.
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6.4.2.1 Perpendicular Flow

Figure 6.4-I schematically shows the test section as used for the wind

tunnel tests. It was fabricated entirely from Hastelloy X. The same test

section was also used in the thermal cycling tests. For the wind tunnel tests,

the internal portion of the test section was sealed against gas pressure to

simplify instrumentation and plumbing connections. The webs shown in

Figure 6.4-I provide buckling strength to the surface panels. Cast zirconia

pieces are shown on the manifold and at top and bottom to protect these

uncooled areas. Cracking of the zirconia in the tests led to replacement of

the zirconia by water-cooled shields.

6.4.2.2 Parallel Flow

This test section is shown schematically in Figure 6.4-2. The coolant

for the aft portion of the test section enters through the manifolds, flows

forward to the crossover slots, and returns to the outlet manifold along the

fin passages. The coolant for the tip section enters at the center through

two tubes, flows to either side of the inlet parallel to the leading edge, and

exits at the ends of the tip section through the outlet tubes shown. Individual

control of the f16w rate in the two flow routes was provided during test.

In this configuration_ the hot skin of the tlp was fabricated from

Nickel 200 alloy. HasteIloy X was used for the perpendicular flow configura-

tion. The nickel hot skin was used to reduce the stagnation-line surface

temperature and was expected to provide increased thermal fatigue performance.

Hastelloy X was used for all other parts of the assembly.

b.5 OUTER SHELL

The outer shell of the flight engine had interfaces with the leading edge_

the struts, the ablatively cooled cowl, and the aircraft pylon mounting struc-

ture. Additionally, there are plumbing and electrical connections. The outer

shell design effort discussed here was carried to the engine mount points with

appropriate assumptions regarding the interaction between the aircraft struc-

ture and the engine mounting. No provisions were made for installation of the

cowl. An assumed inside cowl contour was used to design the outer shell

envelope.

6.5.1 Design Ground Rules

The critical design problems for the outer shell occur at the mount points,

at the interface with the leading edge_ and in the fuel injection manifolds.

The use of multiple connections between the outer shell and the leading edge
led to the decision to use brazed connections for the crossover tubes and for

leading edge inlet tubes, rather than threaded connections or sealed crossover

ports (as used for the inner shell-nozzle coolant crossover).

A single-helght fin was selected for the entire length of the outer she11.

This ground rule was aimed at improving the reliability of the basic shell

assembly by avoiding a step in the cold shell and the resulting fitup and
potential leakage problems.
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Hastelloy X was selected as the material for structural components to

ensure thermal growth compatibility of individual parts during the brazing

operation. The use of high strength materials, such as Inconel 718, would

have resulted in a significant reduction in cross-sectional areas_ particu-

larly those of the manifolds which also serve as engine mounting rings.

However, the coefficient of thermal expansion for Inconel 718 is somewhat

higher than for Hastelloy X. Although this difference is not particularly

objectionable at engine operating conditions, it becomes significant during

the brazing operation, in which the assemblies will reach temperatures of
2000°F. Certain of the coolant distribution manifolds were fabricated from

CRES_ where no thermal expansion problem existed and where material strength

was adequate.

6.5.2 Features

Drawing L-980610 depicts the layout of the outer shell. The design

shown was expected to meet the thermal and structural requirements encoun-

tered during engine flight testing.

6.5.2.1 Leadinq Edge Coolant Crossover

The coolant crossover at the leading edge is a flanged and bolted configu-

ration, using brazed individual tube connections. Sealing of the propulsive

stream is by means of a seal set between flanges. The connection for the

leading edge coolant inlet lines similarly occurs in the outer shell cavity.

The location of the fuel injection station for supersonic combustion

ISta. 43.82) coincides with the location of the outer shell crossover mani-

fold. The injection ports have been integrated with the coolant crossover by

use of individual tubes brazed into the manifold_ as shown in Section L-L of

Drawing L-980610.

6.5.2.2 Manifolds

The various manifolds will be discussed in sequence from left to right

as shown on L-980610. The toroidal manifold at Sta. 48.45 serves as a dis-

tribution point for the fuel injector nozzles. The space limitations, whTch

also lead to the use of individual tubes to feed the fuel injectors, require

the use of this additional manifold. This configuration was retained for

SAM, using two inlets to the manifbld. In the flight engine, six inlets were

used to supply fuel from the control valve located in the centerbody cavity,

i.e., one running through each strut.

The adjacent manifold is supplied with coolant directly from storage.

This manifold, which distributes coolant to the individual leading edge inlet

lines_ is used in order to limit the number of branch lines from the pump.

The manifold at Sta. 52.01 serves as the outlet for both the forward

flow route (leading edge and outer shell up to this manifold) and the aft

flow route (around the trailing edge and forward to this manifold). To

reduce the pressure drop in this manifold and improve flow distribution_ a

Hastelloy X collector tube with six inlets from the main manifold is used.

_ AIRESEARCH MANUFACTURING COMPANYLo,_ Anse_. C_bkwnwn
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The fuel injection manifold at Sta. 55.32 has provisions for installing

the strut mounting flange. A thermal lag prob]em exists with this manifo]d.
The considerations outlined for the fuel injection manifold at Sta. 55.67 of

the inner shell are equally applicable to this manifold.

The fuel injection manifold at Sta. 59.53 is a nonstructural component
of the same design_ requiring the same considerations as the inner shell
man i fo I d.

The manifold at Sta. 65.75 is introduced into the outer shell design

primarily as a structural member. It is in the direct path of loads entering

the innerbod y crossover manifolds and the strut, Its existence as a structural

member led to its use as a coolant manifold. As shown_ coolant is tapped
from the shell and ducted to the strut for cooling the strut sides. Subse-

quently_ on the SAM_ the strut sides were made an independent flow route to
facilitate control of flow splits.

The manifold noted as Item II on Drawing L-908610 serves as the distri-

bution point for inlet coolant to the aft shell flow route, It is supplied

directly from storage and is used to avoid multiple supply tubes. Envelope
restrictions limit the size of the shell inlet manifold at the trailing edge

to the extent that a relatively large number of small tubes are required to

ensure good flow distribution.

6.5.3 Fabrication Requirements

The anticipated assembly sequence for the outer shell was as follows:

I , Braze the shell assembly (hot she11, fins, and cold shell),

including both the shell proper and the trailing edge assembly.

2. Drill holes in the shell for the fuel injection nozzles.

3. Braze the Fuel injection nozzles into the she11.

, Grind Fuel injection manifolds flush with the external
shell surface.

, Dri11 holes in the shell for instrumentation fittings and

finish-machine manifold subassemblies and strut flanges to fit.

, Install and braze all manifolds in place, including the toroidal

manifolds and the trailing edge external shell assembly manifold_

but not the mounting flange at the leading edge coolant crossover.

. Install and braze the leading edge mounting flange in place.

(This braze operation is being performed separately to permit

leak checking of the injector nozzles.)

8. Electro-discharge machine cutouts for the struts in the shells.

. Final-machine the engine mounts_ the leading edge mounting flange_

and strut flanges.

 ,, ESEA C,,A,U,AC'O"NOCO'PA 'L.__UNCLASSIFIED 72-8257
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This sequence was followed in actual fabrication of the outer shell

assemblies. Specifics are further discussed in Section 7.

6.6 SUPPORT STRUTS

Support struts were designed for use in the flight engine application
and for evaluation of heat transfer and structural characteristics in a wind

tunnel. The test struts were full-scale and fabricated by the same procedure

planned and used for the SAM. They were tested as individual struts mounted

between flat panels simulating the installation in the engine assembly. In

the following, no distinction is made between the struts used in the two

appl ications.

6.6.1 Design Ground Rules

One of the primary objectives of the design work accomplished on the

struts was to achieve a bolted assembly, as opposed to a brazed assembly_of

the strut to the inner shell and the outer shell. The advantages afforded

by the possibility for assembly and disassembly were one factor leading to

this approach; the advantages expected in accomplishing the initial assembly

were a more important consideration. While the brazed assembly represents

a basically feasible concept_ it entails requirements for relatively complex

fixturing during brazing to ensure that the required tolerances and concen-

tricities are maintained. The use of a bolted assembly offers an opportunity

for mechanical adjustment to obtain the necessary alignments and concentrici-

ties. The bolted assembly that evolved from this study was evaluated for

structural and thermal performance and found adequate. In its application to

the SAM, the expected flexibility during assembly was realized.

Another basic requirement imposed on this design was that the flow in

the two routes along the strut sides be adjustable by positive and repeatable

means. In addition, it was required that pressure drop and flow relationships

in each of the routes be separately measurable in the test unit. Features

devised to achieve this were such that they could be eliminated from the

flightweight hardware without altering performance. This requirement, in

turn_ resulted from data obtained in wind tunnel tests using struts that had

a common inlet to the two routes along the strut sides, an arrangement which

proved unsatisfactory.

6.6.2 Features

Figure 6.6-1 shows the strut design in the test configuration. Inlet to

the strut sides is by two separate tubes. During calibration_ each of these

tubes was connected to a separate gas source for independent flow measure-

ment. The two manifolds drilled into the strut body are connected to the

surface by drilled holes_ the holes being separated at the surface by a

brazed strip. With one of the manifolds plugged_ the flow/pressure drop

characteristic of the other manifold and flow route were determined.

The drilled manifolds were so located that they could be replaced by a

single hole supplying both flow routes. The pressure-drop characteristics in

the two circuits are changed in a negligible manner by this approach due to a

slight change in length of the passages leading to the strut surface.

_ AIRESEARCH MANUFACTURING COMPANY UNCLASSIFIED 72- 8257

Page 6- I 5



UNCLASSIFIED

:I::

0

Z

IJ.

ul
ae.a

I,,-4

4-J
rO
t-
I"0
O.

(a')
I
!

4.a
-I
L
4.a

0
.,0
L

U_
a,.a
:3 4-J

>. e,."

.0 0
L
_l.i.
f-
_- 0

!
,0

¢)

--i

LI-

_ AIRESEARCH MANUFACTURING COMPANYLm.Anl_.
UNCLASSIFIED

72-8237

Page 6-16



UNCLASSIFIED

General features that are part of the strut design and affect the

various interfaces with other components are discussed below. Reference

to inner shell and outer shell layout drawings will show particular areas

of interest.

6.6.2.1 Assembly

Assembly of the inner shell and outer shell by the support strut will

involve_ first_ the placement of the two shells and alignment of the cutouts

in the shells. The strut is then inserted from outside and bolted to the

socket in the inner shell. The bolts are tightened to predetermined torque

values. The mounting flange on the outer shell has brazed_ threaded studs

which pass through clearance holes in the strut flange. The nuts used on

these studs are again tightened to preselected torque values. The air seal

is formed by a flat nickel gasket.

The exit tube for the leading edge has its own seal which is formed

by a ferrule fitting after assembly. Use of this separate seal avoids the

need to extend the flat gaskets into the leading edge area.

6.6.2.2 Manifoldin_ and Structural Attachment

Adequate cooling of the strut requires two externally separate flow

routes_ one for the leading edge and one for the main portion of the strut.

The leading edge is cooled with flow used to provide cooling to the entire

innerbody. The main strut forms its own route_ with flow axially along the

strut and then discharged into the fuel plenum.

Structural loads are reacted at the fuel injection manifolds near the

leading edge of the strut and at the manifolds near the trailing edge of the

strut. The basic structural design problem is the attachment of the strut

mounting to these manifold rings. The fuel injection manifold at the center

of the strut is not necessary as a structural member and has_ therefore_

been made lightweight and is not tied to the strut mountings.

All hydrogen plumbing connections that are required to pass through the

strut will be metallurgically joined to their mating lines. Disassembly of

the shells_ therefore_ will require cutting of the lines. This is considered

preferable to the use of a multiplicity of threaded connections.

6.6.3 Fabrication Requirements

The strut design itself involves fabrication problems primarily related

to brazing. The critical areas concern fixturing for brazing and control

of braze filler alloy flow to prevent plugging of the O.020-in.-high fin

passages. The sequence of brazing operations is discussed in Section 7. The

machining operations on the strut, although numerous_ can be accomplished
with conventional machine tools or by electrical-discharge machining.

c..o.°.UNCLASSIFIED
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6.7 ENGINE ASSEMBLIES

The basis for the cooled-structures design work performed as part of the
program was an engine suitable for testing with the X-ISA-2 aircraft. The

layout design of such an engine was performed and the SAM derived from this

engine design. In the following_ both the flight engine design (qualification
test engine) and the SAM are discussed.

6.7.1 qualification Test Engine

This layout constituted the basis for establishing component interfaces,

packaging of subsystems and components_ assembly and disassembly procedures_

and plumbing arrangements for the engine. It was mocked up as shown in
Section 7 to further verify detail features.

6.7.1.I Design Ground Rules

Layout Drawing L980615, Sheets I and 2, shows the completed layout for
the qualification test engine, configuration No. I. This drawing reflects the
following considerations:

(a) The engine operates on the X-15A-2, at M = 8, 88,000 feet.

b) The interface of the engine with the thrust measuring system_

that isjwith pylon-mounted structure, occurs on the engine side

of the engine mounts_ as shown in the layout drawing. This

interface is arbitrary and was used only to define the interface

of the Structures and Cooling Development effort. It reflects a

drawing rather than a functional arrangement.

c) As an objective, all hydrogen plumbing connections are made by
either welding or brazing. The use of seals and threaded

fasteners is limited to the minimum required for assembly and
disassembly of major components, and access to the various sub-

systems. Replacement of certain of the components is complicated

by this approach, but the chance for hydrogen leakage is consider-
ably reduced.

d) Hastelloy X is used on all regeneratively cooled structures. All

connecting tubing used in the engine is made from Type 347 corro-

sion resistant steel since the maximum temperature expected in
any of the tubing lines is below 1200°F.

6.7.1.2 Features

The engine layout drawing shows the arrangement of equipment in the

engine. Sheet 2 of the layout drawing shows sections through the innerbody

cavity that were used to establish packaging configuration and plumbing
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arrangements. In the following discussion_ reference will be to Sheet I of

this drawing. The engine assembly procedure of completed full-scale

components and the various features of the engine are described in the

following steps:

Step I. The outer shell is positioned over the inner shell and the

strut cutouts are aligned. After this_ the struts are

installed with their gasketing (nickel) and bolted in

place. This assembly constitutes the backbone for all

subsequent assembly work.

S_ep 2. The fuel valves are installed as an assembly and bolted to

individual mounting brackets on the manifold serving the

second injector station. These valves are interconnected

by tubing which forms the fuel plenum. This tubing ls

provided with bellows corrugations between the valves to

allow for differential expansion between the inner shell

and the valve assembly. Connecting lines to the fuel

plenum and the valve outlets are welded in place as part

of the valve assembly.

Step 31 All plumbing lines connecting the outer shell to the fuel

plenum and valves are installed through the struts and

fitted up to the matTng lines. Lines from the inner shell

to the fuel plenum are similarly frtted. All lines have

brazed sleeves preinstalled with braze rings in place.

Connections are then bonded using a hand-held induction

brazing tool.

Step 4. The asbestos packing on the forward end of the inner shell
is installed.

Ste__. The inlet spike is installed in place over the inner shell.

The sealing bellows flange is bolted to the inner shell.

Bellows serving the spike (spike coolant inlet_ spike coolant

outlet_ and injector manifold)will have been preinstalled

in the inlet spike and are now connected to the fuel plenum

or valve_ as required_ using a clamped connection I"Conoseal"

type).

Step 6. The inlet spike actuator is bolted to the inner shell mounting

pads and the inlet spike mounting cone is bolted to the

actuator flange. At this time_ the position of both the

inlet spike and the actuator itself are adjusted to assure

concentricity between the inlet spike and inner shell and to

true the axial travel of the inlet spike and actuator rela-

tive to the inner shell. Shims are used to accomplish this

at the actuator mounting pads_ while the spike adjustment

relative to the actuator is accomplrshed by providrng suit-

able clearance holes in the mounting flanges. The instru-

mentation package shown at the forward end of the actuator

is preinstalled.
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S_ep _. The leading edge assembly is bolted to the outer shell and

the tubing connections from the leading edge to the manifolds

provided in the outer shell are braze-joined.

S_ep _, The nitrogen storage tank is bolted to the mounting ring

provided on the inner shell and the nitrogen supply and

pressure regulator lines are connected to the tank.

Step _. The controls components are installed on the mounting plate

provided on the nitrogen tank.

Step I0. The nozzle is bolted to the inner shell using the access

provided through the nozzle cap. At this time_ the nozzle

instrumentation connections (connector installation not

shown) also are made.

Step II. The nozzle components are installed.

Upon completion of these operations, the engine is ready for mounting

to the thrust measuring system and for joining the hydrogen lines to the pump

discharge line_ and the turbine inlet and dump lines. Electrical lines will

already be installed with quick disconnect fittings for attachment to aircraft

wiring. All required wiring must pass through the strut cavity and is

installed simultaneously with the plumbing (Step 3). The ablatively cooled

cowl is installed after mounting the engine to the thrust-measuring system.

The cowl is mounted directly to the structure above the thrust-measuring

system to avoid drag inputs to thrust measurements. The cowl outline is

indicated on the drawing for reference_ but is not considered to represent a

final configuration.

Details of the routing of hydrogen lines through the struts are shown

in the drawing for each of the six struts. The remaining space in the struts

is reserved for wiring. The reserved area is near the coolant, inlet to the

strut and is, therefore_ the coolest area_ with metal temperatures near room

temperature at design conditions. Wiring is run here to reduce the need for

thermal shielding.

The interface of the engine with the pylon leading edge is indicated in

the drawing. The joint between the pylon and adjacent structure requires

sealing and ablative protection. Restraint on the engine due to this joint

would introduce inaccuracies into the thrust measurement and must be avoided.

Alternatively_ the pylon leading edge could be repositioned relative to the

engine to intersect the ablatively cooled cowl.

6.7.1.3 Maintenance and Refurbishment

The basic approach to engine assembly and disassembly assumed that

refurbishment and maintenance of the type requiring replacement of hydrogen

system components generally would be accomplished at the factory level.
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Access to all electrical components_ however_ is possible in the field. The

procedures involved in replacement or maintenance of various components are

described in the following paragraphs:

(a) Refurbishment of the leading edge--Inlet and outlet lines must be

cut (brazed connections) and the leading edge removed after

unboltrng of the flange connection with the outer shell. Installa-

tion of a new leading edge requires that new braze connectTons to

the manifolds be made. The induction brazing operation required

here can be accomplished with relative ease using portable equip-

ment and could be done in the field_ if necessary.

(b) Replacement of strut--This requires that lines and electrical wires

passing through the strut be cut or unsoldered_ as required_ and

removed. To permit cutting of the lines in the innerbody_ dis-

assembly of the control equipment_ the nitrogen tank_ and the

actuator is required. This work would be performed at the factory
Ieve I.

c) Access to instrumentation mounted in the spike--The control and

instrumentatTon packages mounted in the nozzle area_ the nitrogen

tank_ and the inlet spike actuator must be removed. No cutting of

hydrogen lines is required. This work can be performed in the field.

d) Removal of the inlet spike--The leading edge must be removed_ as

described above_ the inlet spike actuator must be removed along with

equipment to the rear of the actuator_ the bellows clamps connecting

spike hydrogen lines to the fuel plenums and valves must be removed_

and the sealing bellows must be unbolted. All joints involved in

this operation_ except the leading edge hydrogen lines_ are
mechanical.

e) Replacement of inner or outer shells--As may be deduced from the

description of the assembly sequence_ this requires complete

stripping of the engine and involves a rebuilding operation.

All operations requiring access to the centerbody cavity are performed

with the nozzle removed in a sequence which is the reverse of that used on

assembly. No lines must be cut to accomplish this.

6.7.2 SAM Enq[ne

The hydrogen-cooled engine assembly of the SAM is shown in Drawing 980801.

Of the subsystems associated with the qualification test engine_ only the inlet

spike actuator is retained in the centerbody cavity. The complete SAM assembly

is shown in Drawing 980800. The SAM test systems and adapters are discussed

in separate sections.
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6.7.2.1 Design Ground Rules

The SAM assembly reflects the ground rules for the components, as well as

the following considerations:

(a) The basic assembly shown on Sheet I of Drawing 980800 is delivered

to the wind tunnel facility as a unit ready for installation.

(b) Assembly and disassembly of the basic assembly 3 Drawing 980801, in

the field is not required. In line with this_ all internal hydrogen

line connections are either welded or brazed. Water lines_ which

are subject to limited thermal cycling by comparison with the hydro-

gen lines, use threaded or flange-type joints.

(c) The complete basic assembly_ and in particular_ the cowl/pylon

assembly must be capable of being inerted at pressures greater

than those occurring in the cowl/pylon shock-interaction region.

(d) Even though assembly or disassembly in the field are not basic

design requirements_ the capability of at least partial disassembly
of the water-cooled test adapters was considered desirable.

(e) Model alignment in the wind tunnel will be accomplished by

appropriate shimming between the base plate and the wind tunnel

test adapter. In other words_ the complete assembly will be

adjusted as a unit. Adjustment of the various model components

relative to each other is accomplished as part of the SAM assembly
process.

6.7.2.2 Assembly Features

The major components that make up the basic assembly shown in Drawings

980800 and 980801 are the (1) engine assembly_ 12) cowl/pylon assembly_

(3) structural support assembly_ (4) panel assembly_ and 15) cover assembly.

The engine assembly constitutes the hydrogen-cooled structure being

evaluated in wind tunnel testing. All other components of the basic assembly

are water-cooled test adapters. The assembly of components is performed in

the following sequence with reference to Drawing 980800:

(a) The bulkhead_ Item 15_ is attached to the plumbing of the engine

assembly. The necessary mechanical connections are made prior to

the next step_ which involves installation of the cowl/pylon.

These mechanical connections involve the water lines and certain

of the instrumentation lines.

(b) The cowl/pylon assembly is installed as a unit onto the engine

assembly. Installation is axial and dimensions are such that this

assembly, when slipped on from the front_ will clear the basic

engine assembly. The cowl/pylon is bolted to the engine suspension

frame as shown in Section B-B of the drawing. No other supports to
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c)

d)

the engine are provided. A number of stops on the engine assembly

manifolds, however, prevent undesirable deformation of the cowl.

The panel assembly, Item 4, at the front of the cowl and its seals

are installed. These assemblies are fabricated as split cones

and bolted in place, both to the cowl and to each other.

The ring assembly, Item II, is installed between the cowl and the

engine trailing edge.

e)

f)

(g)

The forward and aft support assemblies are attached to the engine

assembly suspension frame.

The cover assembly is installed in place and its plumbing connected.

This includes plumbing for its own cooling circuits as well as the

lines passing through it and cooling the panel assembly, Item 4,

and the ring assembly, Item If. These tubes are supported by a

clamp mechanically attached to the cowl, Section N-N.

The previously completed assembly is set on the structural support

assembly and bolted in place. Shimming is provided for under the

fore and aft supports_ Items 12 and 13. To ensure control over the

final fitup, all surfaces are machined with respect to the engine

suspension frame (X-surface). The interface between the pylon and

the support structure is sealed by means of a silicon rubber O-ring.

Sealing of the engine and cowl/pylon cavities against the tunnel gas is

basically not required. The cavities are inerted at pressures sufficient to

ensure outward flow of nitrogen. Sealing was introduced at all external joints,

however, to limit the amount of nitrogen flow to the model cavities. Since

neither thrust- nor drag-force measurements were planned for the wind tunnel

test, the restraints imposed by this approach on the engine are not objectable.

Only limited provisions are made for handling of the assembly as shown

in the drawing. Specifically, four tapped bosses are provided at two locations

for use with either yokes or eyebolts. The general mode of handling the

assembly will be by means of its baseplate.

The interface between the tubing terminations shown on Sheet I, and the

manifold systems shown on Sheet 2 of Drawing 980800 are such as to permit

removal of the support wedge without requiring cutting of tubes. Removal of

the cover assembly is also possible without requiring tube cutting. Finally,

removal of the cowl/pylon requires cutting of only four water tubes. In this

way_ the outer surface of the outer shell and the hydrogen tubing in this area
can be made accessible.

6.8 SAM FUEL/COOLANT SYSTEMS

The hydrogen and water systems required for SAM testing reflect the model-

facility interfaces, fail-safe features aimed at preventing stoppage of coolant

flow, and the selected operating modes of the systems during testing.
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6.8.1 Hydrogen System

The hydrogen system is shown schematically in Figure 6.8-I. The model

side of the model/facility interface is shown; that is, all of the equipment

shown in the diagram is assembled and calibrated as part of the SAM. At the

inlet to the SAM system_ the facility provides hydrogen at room temperature to

200°R and at g00 to IlO0 psia. The exhaust from the SAM system is to the

facility vent line.

The basic system consists of the valves designated PCV (pressure control

valve)_ CRV (coolant regulating valve), FDV (fuel dump valve), and ICV (injec-
tion control valves). Operation of these valves is as follows:

PCV--This is a pressure regulator sensing the pressure in the SAM dump

plenum, which is controlled at 500 to 550 psia. A drop in plenum

pressure causes the PCV to open. The PCV is a ball-type valve,

electrically actuated.

CRY--These valves are located at the inlet to each of the five engine

flow routes. CRV's No. I through 4 are ball-type valves,

pneumatically actuated, using solenoid control and position

feedback by means of a potentiometer. CRV No. 5 is a manual

needle valve. These valves are set prior to testing to provide

the correct coolant flow in each of the routes for the test con-

dition planned for the specific test. The presetting is done

using room-temperature nitrogen and based on analytical and

experimental predictions of flow requirements.

FDV--Two valves are used to serve the dump valve function. This is

done to provide maximum flexibility in terms of bias and control.

The FDV's are controlled by the temperature-control system to

maintain the maximum coolant temperature from any of the flow

routes below the maximum allowable for the specific operating

conditions. Excess temperature in any of the flow routes causes

the FDV's to open, plenum pressure to decrease, and the PCV to

open to restore plenum pressure to the set range. Positioning of
the FDV's is in parallel.

ICV--This valve is opened to provide for discharge of the coolant to the

innerbody and outerbody fuel injectors. Initiation of valve opening

is manual. The FDV's and ICV are programmed to operate in push-pull

fashion to minimize perturbations to the systems during the switch-

over from dump to injection flow, and conversely. Following the

switchover, the control system retains active control over the

FDV's and opens these valves if an overtemperature condition

develops. The open position of the ICV, on the other hand, is

fixed at a preselected value that is determined prior to test.

Most of these valves are of a fail-safe configuration. The CRV's will

open on loss of pneumatic power and will nominally hold position on loss of

electrical power; the FDV's are poppet valves with pressure acting to open
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the poppet; the electropneumatic transducer associated with the FDV's will

power the valves open in the event of electrical failure in the transducer;

the ICV has pressure acting in such a way as to close the valve_ with the

electropneumatic transducer arranged to close the valve on failure of electri-

cal signal. In addition to the above_ the system includes three failure-

protection valves. These are:

BPV I and BPV 2 (bypass valve)--These are solenoid operated_

pneumatically driven valves which open when the system flow_

as sensed by the total flowrneter, decreases to an unacceptable

level. The system does not discriminate between failure of

the PCV and of the FDV but will open the BPV's as though both
had failed closed. At this point_ the test run is considered

to have been aborted.

RV Irelief valve)--This valve is a conventional_ spring loaded

relief valve used to limit upstream system pressure. Flow

through this valve is directly into the vent line. Conditions

which could lead to overpressure would involve wide-open

failure of the PCV or wide-open failure of the FDV_ which

would result in a decrease in plenum pressure and opening of

the PCV in an attempt to maintain plenum pressure at the

set point.

Failure mode of the bypass valves is open for either electrical or

pneumatic failures.

A critical consideration in the selection of all valves is that none of

them must provide zero-leakage shutoff. This is particularly important for

the hot valves_ where the occurrence of minor leakage will not require refur-
bishment of the valves.

6.8.2 Water System

Figure 6.8-2 shows the water system. The facility provides a single

inlet to each of the two systems. Each of the five flow routes has a manual

valve at the outlet which is used to adjust flow rate to the routes. The flow

rate in the individual routes is determined from a pressure-drop-versus-flow-

rate calibration prior to test. This calibration also forms the basis for

establishing limits on pressure differential for satisfactory operation of the

system.

6.9 WIND TUNNEL TEST ADAPTERS

Wind tunnel testing of the SAM required adapters for installation of the

SAM in the facility_ as well as a cowl to provide a fairing and shield for the

SAM outerbody. The two adapters used for these functions are the cowl/pylon
and the mounting structure. Both of these components are water-cooled and

generally fabricated from stainless steel.
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6.9.1 Water-Cooled Cowl/Pylon

6.9.1.I Design Ground Rules

The approach used to design the cowl/pylon involved the following
considerations:

(a) Material of construction was to be stainless steel wherever

possible_ with superalloy used in selected_ highly stressed

areas only.

(b) Cooling was to be accomplished with water at a maximum of

200 psig of 90 psig inlet pressures depending on the particular

flow route and available supply. Design proof-pressures were

taken to be 1.5-times the operating inlet pressures.

(c) The cowl was to be double-shell structure provided with support

pins to resist buckling loads. This approach was selected in

preference to the use of fin-type structure_ eliminating the

need for special forming and brazing tools.

(d) Flat surfaces were to be plate-fin-type structure, with

O.090-in. hot skins and O.12-in. cold skins.

(e) The cowl/pylon structure was to be supported from the SAM

suspension frame. Interference with the free motion of the

SAM was acceptable_ since no thrust measurements were to be

attempted.

6.9. I. 2 Features

Drawing 980800 shows the cowl/pylon assembly and its components. The

main components are as follows:

(a) Forward cowl panels--This assembly consists of two segments of a

cone which are assembled to the SAM and main cowl by bolting to

each other and to the main cowl. The joints between the forward

cowl panels and main cowl and between the forward cowl panels

and SAM leading edge have silicone rubber seals. The nitrogen

gas used to inert the complete assembly in the wind tunnel is

pressurized to a level high enough to assure outwara flow of

the inerting gas through the imperfect "seal between the panels

and the leading edge and prevent inward flow of hot gas. The

forward cowl flow route is in series with the rear pylon cover.

(b) Main pylon/cowl assembly--This assembly consists of a cowl shell

assembly which is welded directly to the pylon. To assemble the

parts_ (1) the pylon is welded as a subassembly_ (2) the two

cowl shells are slipped one over the other and interconnected

into a subassembly by means of rosette-welded pins_ and

(3) the pylon is welded to the cowl shells.
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(c)

(d)

Rear pylon cover--This component is fabricated by welding of

individual plate-fin-type flat plates. The complete_ finish-

machined part is bolted to the pylon of the main cowl/pylon
assembly.

Rear seal rinq--This ring is fabricated as a separate assembly

by welding and brazing_ and forms a seal between the outerbody
trailing edge manifold and the main cowl inner surface. It is

bolted in place to the outerbody trailing edge.

All joints are provided with seals. Purpose of the seals is to limit the

amount of inerting gas flow required Tn test. In general_ minor leakage at any

of these seals is not objectionable since the Tnerting gas will be at pressures
in excess of ambrent.

6.9.1.3 Assembly

The support structures and plumbing of the SAM are so arranged that the

main cowl/pylon can be installed as a unit from the front of the SAM. With

this accomplished_ the forward cowl panels are bolted in place to close out

the forward portion of the cowl. The rear pylon cover ls then bolted to the

main pylon from the inside. The rear seal ring is installed as the final step

in assembly. In general_ this approach to assembly is a consequence of the

desire to not split the cowl. To permit this type of assembly_ a separate

forward cowl is necessary. The main cowl is terminated at an axial station

with a radius sufficient to clear the SAM leading edge component.

6.9.2 Water-Cooled Support Structure

The SAM is supported on a wedge-shaped structure approximately 2 ft

high. The wedge configuration was selected to minimize the effective wind

tunnel blockage and was evaluated in the pilot tunnel for the full-scale

facility.

6.9.2.1 Design Ground Rules

The basic configuration of the support structure_ following successful

pilot tunnel testing_ was taken to be fixed. Subsequent layout work also

showed that it was entTrely adequate for the functions intended. In addition

to being compatible with the facility_ the following considerations apply to

the design:

(a) A water-cooled structure rather than an uncooled structure was

selected to minimize problems of differential expansion.

(b) It was assumed that the support structure would be preassembled

to the baseplate and the SAM assembly and the water-cooled cowl/

pylon assembly prior to installation in the wind tunnel test

section. As a corollary_ it was assumed that the final plumbing
and electrical connections would be made from underneath the

baseplate prior to installation in the test section.
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6.9.2.2 Features

Drawing 980800 shows the support structure as part of the SAM assembly.

The cooling is accomplished with a single water flow route. Water enters at

the leading edge_ passes through the leading edge and along the top plate and
top portion of the wedge panels to the rear of the structure. From here it

reenters the lower portion of the wedge panels and is exhausted from these.

The significant features of the assembly are as follows:

(a) The flat wedge surface and the pylon seal plate are formed from

plate-fin panels. These panels are brazed assemblies which are

welded together to form the basic structural assembly. The

pylon seal plate also serves as a bulkhead between the pylon
and the support structure.

(b) Manifolding and load-carrying structures are welded to the basic

wedge assembly.

(c) The mounting blocks which carry the SAM suspension frame are

bolted to the top plate of the support structure. These blocks

are preassembled to the suspension frame.

All material used in the support structure is Type 347 or 321 stainless

steel. High-strength fasteners are used for tie-down of the SAM suspension
f rame.

6.9.2.3 Assembly

The support structure is a welded assembly of brazed panels. As indicated

above, the structure and the SAM are preassembled. Precise adjustment for

SAM centerline angle of attack will be provided by shimming of the mounting

blocks during assembly. The bulkhead between the pylon and support structure

has nominal sealing to reduce the total amount of inerting gas required.

6.10 INLET SPIKE ACTUATION SYSTEM

The actuation system flight-designed uses gaseous nitrogen blowdown to

expel hydraulic oil from an in-line accumulator through a servovalve into the

actuator. Modulating operation is used to control the position of the inlet

spike_ with position feedback to the control system by means of LVDT. Spent
hydraulic oil is dumped overboard. For the SAM tests_ the accumulator was

removed and a closed hydraulic system connected to the actuator. This permitted
continuous operation of the system.

6.10. I Des[in Ground Rules

Design of the actuation system was governed by the following considerations:

(a) Purchased components (accumulator, LVDT, nitrogen pressure

regulator, hydraulic servo_ squib valve, and pressure switch)

were to be previously qualified to military or NASA requirements

or have some history of flight application and be compatible with

the quality assurance provisions applied to the HRE.
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b) The design of the actuator should minimize side loading of the
hydraulic piston_ i.e._ deflection of the structure under load

was not to be transmitted to the actuator.

(c) Sliding surfaces were to use bearings or bushings rather than
metal-to-metal contact.

(d) The envelope for the system was to be limited so that the control

system components could be installed in the nozzle to ensure

accessibility of these components.

6. IO. 2 Features

Drawing 981189 outlines the inlet spike actuation system. The following
features a_e noted:

a)

b)

c)

Due to structural loading and envelope limitations_ structural

integration has been utilized where feasible. The actuator and

the support structure physically connect to transmit the loads

to the innerbody mounting rings. The same philosophy was used

structurally to attach the nitrogen tank and accumulator for a

mechanical assembly_ with the nitrogen tank bolted to the innerbody.

The support structure tubes have Teflon-impregnated fiberglass

bearings to reduce friction loads. To eliminate the tendency of

these tubes to rotate_ a key is used.

To provide accessibility_ the nitrogen fill and bleed valve_

squib valve_ hydraulic fill valve_ and overboard vent valve

were located in the pylon.

d)

e)

The squib valve was located upstream of the regulator to eliminate

possible gaseous nitrogen leakage during standby.

The actuator has a latching device to maintain the spike in the

closed position when the engine is not operating. It also has
snubbers to reduce the end loads as the actuator bottoms out.

(f) The actuator shaft is pinned to support structure through a

universal joint to eliminate side loads.

(g) A pressure switch is provided to signal minimum pressure in the

nitrogen tank required to extend the actuator and close the inlet

under the worst load condition. When this occurs_ the control

system will command engine shutdown and full extension of the
actuator.

(h) No hydraulic filter is provided due to restricted access for

servicing. Filling will consist of closed-loop circulation through
filters to reduce the contamination level.
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(i) As a precaution against regulator wide-open failure, a downstream
relief valve is incorporated in the regulator.

The material for the support structure is 4330 steel, which is readily

we ldable_ has high strength, and is readily available. Corrosion protection
will be provided by plating. The nitrogen tank is fabricated from 15-SPH
steel.

6.10.3 Assembly

Teflon-impregnated fiberglass bearings are first installed in the support

structure tubes as shown in the outline. The diametral step provides partial
retraction before engaging the bearing surface. At this time_ the actuator

can be installed in the support structure. The manifold connecting the control

ports of the servovalve is then positioned and mounted. The support structure

and actuator are indexed to the innerbody by measurement prior to installation 3
so that the initial and final positions are correct relative to the aerodynamic

surfaces. This assembly is then installed and bolted in the innerbody ring.

The valve lines are connected to the servovalve at this tlme_ and the accumu-
lator is installed.

6.11 TEMPERATURE AND PRESSURE CONTROL SYSTEM

The Temperature and Pressure Control System described in this section is

designed to satisfy three sets of requirements (I) it provides suitable inter-

face logic with the facility to accommodate safe start-up_ normal shut-down, and

emergency shut-down of the SAM; (2) it provides a means of monitoring and ad-

justing the division of coolant flow (hydrogen gas) through the four flow pathsi
and (3) it provides automatic control of the total-flow rate of coolant in order

to maintain the skin temperature of the SAM at a selected value.

6.11.1 Functional Requirements

In order to control the temperature of the SAMj the control system scans

27 different temperature sensors in five separate routes and determines which

of these is the highest with respect to its set point. The system modulates

the position of the fuel dump valve to keep this temperature below its safe
limit.

In most of the testing of the SAM_ the temperature controller will func-

tion as an overtemperature control device. An initial bias setting of the FDV

will provide a pre-selected hydrogen flow somewhat below the expected nominal

rate; then_ as the coolant temperature rises_ the FDV will modulate to increase

the flow in a manner which maintains the desired operating temperatures in the

controlling flow route. In the case where the coolant is being injected into

the combustors_ the ICV is biased to the original setting of the FDV_ and again

the FDV modulates to maintain the desired temperatures. The FDV has an in-

dependent bias setting which prevents it from totally closing off at any time

so that valve seat chatter is avoided and_ in addition_ the low flow control

characteristics of the system are improved. The combustion process is a sec-

ondary function in the wind tunnel tests and the amount of fuel injected is

determined by the available cooling flow.
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L The purpose of the flow management system is to enable the operator to
preset the four coolant regulator valves (CRV's). Each CRV adiusts the flo_

rate through the corresponding hydrogen flow branch. Total flow is a function

of FDV setting only (or FDV and ICV) by virtue of the constant plenum pressure
(550 psia) control. Most of this preadjustment will be done with nitrogen,

rather than hydrogen_ for reasons of safety and economy.

Flow rate is monitored at five points in the system. The relative flow

rate (fraction of total) through each of the four coolant paths is displayed.

In addition_ the total-mass-flow rate through the system is measured and dis-

played. The monitoring scheme is described in more detail in Section 5.9.

The interface logic system must provide for safe operation of the SAM

during tunnel operation_ and must satisfy the following requirements:

(a) Provide a signal (switch closure) to the wind tunnel

facility to permit the SAM to be lifted into the hyper-

sonic airstream.

(b) Inhibit the opening of the fuel injection valve until

a facility signal indicates that the SAM is in the air-

stream.

(c) Provide a signal to close the SAM inlet just prior to

lowering the SAM out of the airstream during a normal

shutdown sequence.

(d) Provide a signal to the wind tunnel facility to re-

quest lowering the SAM out of the airstream.

(e) Automatically initiate a shutdown sequence in the event

of a low-flow alarm or a high temperature alarm. These

alarms are generated by the temperature controller and

the flow-monitoring system. The shutdown sequence in-

cludes signalling the spike to close_ the hydrogen flow

bypass valves and the FDV to open_ and the ICV to close.

(f) Open all hydrogen outlet valves (FDV, ICY, BPV) on re-

ceipt of a purge command from the facility to permit

purging of all hydrogen lines with gaseous nitrogen.

The flow management system is separate from the temperature controller.

It must provide a visual simultaneous display of five flow rates_ and must

also provide a means for manually adjusting the positions of the flow dividing

valves to achieve any arbitrary set of flow-rate ratios or fractions. The

system must accommodate both the hydrogen flow and the nitrogen purge flow.

6.11.2 Circuits

Solid state electronic circuits are used throughout the temperature Con-

trol Console_ except for some latching and switching relays. The electronic

solid state circuits consist of discrete components and operational modules
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mounted on printed circuit boards for ease in servicing and replacing faulty
units.

6.11.2.1 Temperature Control Circuit (Figure 6.11-I)

Millivolt level signa]s from the thermocouple reference junction are fed

into a buffer amplifier_ ZI. This amplifier uses the highly stable pA 725

operational amplifier and feeds the NASA DAS_ a selector switch for direct

reading of any thermocouple by means of a DVM_ and the auction circuit. The

heart of the temperature control is the auction circuit. Each thermocouple
circuit has an amplifier_ Z3 (gain of I000)_ which amplifies the difference

between the thermocouple output 3 from Zl_ and the relevant zone reference sig-

nal, from Z2. The zone reference amplifier_ Z2_ feeds all auction amplifiers
corresponding to thermocoup]es in its zone. Input to Z2 is a ten-turn-wire

potentiometer and a test-point on the output provides a monitor point for pre-

cise zone-level setting, If Zl output Is greater than Z2 output then the
diode in Z3's output circuit is forward biased. However_ the cathodes of all

diodes for all thermocouple circuit Z3's are common so the highest Z3 output
will "win" causing the diodes of al] other Z3's to be back-biased. The Z3

of the winning thermocouple will be the only one that has a positive output_
a]] others being saturated negativex and this Fact is detected by the com-

parator_ Z4. The switching point is set at -3v. to ensure fast response to

a Z3 output swinging from -14v. to the "winning" level_ and Z4's output drives

an indicator lamp which shows that it is the controlling thermocouple. The

interposing latching logic is used under high temperature alarm conditions.

Besides the auction point being common to all thermocouple Z3 amplifiers it is
also the input to the summing amplifier for the FDV drive and to the alarm

comparators_ Z5 and Z6. Temperature contro] is exercised over a temperature
window of 375°F. If the highest temperature in the system_ as indicated by
the "winning" thermocouple_ exceeds ha]f this window then comparator Z5 swit-

ches causing an amber warning lamp to ]ight. If the total window temperature

is exceeded then the temperature control has reached the limit of FDV opening

and the comparator Z6 switches to initiate a shutdown. A simple filter on the

input prevents Z6 from switching on noise spikes. Z6 also ]ights a red HIGH

TEMPERATURE lamp and latches to maintain the red_ amber_ and relevant green

thermocouple lamps lighted until reset by the reset button. The remaining

thermocouple indicators are inhibited to ensure that on]y the initiating thermo-
couple green lamp is latched. This is to aid post-shutdown analysis. There
are 27 thermocouple circuits (one per thermocouple)_ five zone reference circuits

(one per zone)_ and one high-temperature circuit. These three circuit types

are shown separated by dashed lines in Figure 6.11-I.

6.11.2.2 Startup and Shutdown Control Circuit (Figure 6.11-2)

Al1 gates used in this circuit are logical NAND gates. Each shutdown

parameter is fed into a latching circuit which on receipt of a low (grounded)

input_ lights an alarm indicator and sends a low signal to the shutdown gate_
Z6. The gates ZI and Z2 form a simple flip-flop which remains latched until

reset by a common button. The low-flow alarm (which is normally low and goes
high on low flow) is inhibited until the carriage is at the center line. This

additional feature is accomplished by gates Z3 and Z6. Upon receipt of any
alarm signai_ the output of Z6 goes high which operates a relay to control
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the spike actuator and also triggers a one-shot circuit which sends a momen-

tary (I/2 sec) contact closure to the facility to request carriage withdrawal,

Z5 acts as an OR gate which controls a relay that opens the bypass valves.

Inputs to Z5 are low flow_ high temp_ purge_ or calibrate control.

For startup_ a "ready" signal is sent to the facility by operating a re-
lay controlled by Z8 and Z9. All inputs to Z8 must be high to operate the

rela7_ i.e._ provided there is no shutdown condition existing (output of Z7

high) and the CALIBRATE/RUN switch is in the RUN position_ then pushing the
READY button will send the appropriate signal to the facility.

6.11.3 System Dynamics

An analog computer simulation of the SAM coolant system and the pressure

and temperature controls was prepared for analysis of the system dynamics.

The results of this analysis showed frequency response and modulation band

obtainable with the pressure control valve actuator to be unsatisfactory. The

design of the valve was changed to use the same low-friction ball valve with

electric torque motor drive as discussed in the next paragraph.

6.11.4 Pressure Control Valve

As initially fabricated and tested_ the pressure control valve consisted

of a low-friction ball valve element and a pneumatic actuator. The frequency
response and modulation band obtainable with this actuator were considered un-

acceptable based on the results of analog simulation studies. As a result_ the

design of the valve was changed to use the same low-friction ball valve element

with electric torque motor drive. Figure 6.11-3 shows the assembly of the

valve drive. The motor is a printed-circuit armature type_ direct-coupled to

the shaft of the ball valve. A potentiometer is coupled to the other end of

the motor shaft and provides position feedback (the error signal that positions

the valve is generated by comparison of the output of a strain gage pressure

transducer with the set point voltage). The motor and potentiometer assembly

are contained in a hermetically sealed cylinder. This cylinder was vented to

sea level pressure in the wind tunnel to ensure satisfactory operation of the

motor with wind tunnel static pressures in tenths of psia.

All cylindrical parts of the motor assembly are fabricated from heavy-

wall aluminum tubing. The coupling connecting motor and valve is fabricated

from PHI3-BMo steeIj heat treated to Rockwell C43. The tongue and groove

interface between this coupling and the valve allows for misalignment. A

hardenable material was selected to minimize wear and_ hence_ backlash in
actuation of the valve.

Figure 6.11-4 shows a photograph of the completed valve and drive assem-

bly_ the power amplifier_ and the electronic controller.

6.12 VIBRATION MODEL

The purpose of the vibration model was to evaluate the engine structural

design under conditions of dynamic loading at an early time in the program.
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Figure 6.11-3. Pressure-Control Valve Drive Assembly
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68786-1

Figure 6.11-4. HRE/SAM Pressure-Control System
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Results of the tests could then have been incorporated into the design of the
first flightweight engine being manufactured during that phase.

b.12.1 Design Ground Rules

The basis for design of the model to achieve the desired dynamic simula-

tion involved the following:

(9) Duplication of component masses and centers of gravity of the com-

ponent parts.

(b) Approximation of the pitching inertias and polar inertias of all

shell assemblies, with pitching inertias the more critical of the

tWO.

(c) Duplication of inlet-spike mounting cone flexibility by use of the

actual part.

(d) Duplication of actuator assembly and mounting flexibility by use of

the actual part.

(e) Duplication of the suspension frame (wishbone), thrust block, and

rear mount flexibilities by use of the actual parts.

(f) Duplication of critically loaded manifold rings, the spike-innerbody

seal and the spike bellows by use of the actual parts, to permit

evaluation of the part itself as well as a simulation of effect on

flexibility.

(g) Dynamic simulation of local flexibility by use of equivalent-

stiffness single-sheet shells to replace the actual sandwich con-

struction at all critical structural connections.

6.12.2 Features

With respect to Layout Drawing L-980619, the following features of the
vibration model should be noted:

(a) The four manifolds between which the struts are mounted are the

actual full-scale manifolds with minor modifications. These modifi-

cations include deletions of unnecessary instrumentation, and addition

of tubes for circulation of hot gas. The outer shell outlet manifold_

which forms the forward engine mount, is also the actual part.

(b) The inner shell and outer shell (Items 15 and 31) follow the contour

of the cold surface of the full-scale components to permit installa-

tion of the manifolds. Other shells are simulated without reference

to the actual component contours (nozzle_ inlet spike, leading edge).

(c) The actual seal configuration is used in the nozzle-inner shell

crossover manifold, Items 16 and 26. The integrity of this seal

will be checked by gas pressurization during test.

_ AIRESEARCHMANUFACTURINGCOMPANYLo,,.=.,.,c=,,Io,.,. UNCLASSIFIED 72-8237
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(d) The fuel injection manifolds_ Items 15 and 33_ and the outer shell

outlet manifold_ Item 32_ have suitable connections for gas heating

to 1200°F during test. Thermocouples are placed on these manifolds

as well as along adjacent skin sections.

(e) The fuel control valves are simulated by means of Flat-plate masses

mounted to the inner-shell injection manifold_ Item 15,

Plumbing to the inlet-spike actuator was to be modified for purposes of

vibration testing in such a way that the actuator could be powered from an

external hydraulic pump. Actuation would be under conditions of no-external-

load.
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7. MANUFACTURING

Fabrication of the various assemblies required in the course of the program

entailed a considerable manufacturing effort. This effort is summarized in

the following sections 3 with emphasis on the regeneratlvely-cooled 3 flight-

weight engine structure. This structure constituted the major portion of the

overall effort and was also the most important end-objective of this task of

the program, In addition_ certain items of hardware associated with the orig-
inal flight test program are discussed. Work on these items was discontinued

following re-orientation of the program to one involving ground testing only.
Temperature and pressure control systems were fabricated for use with the SAM
in the wind tunnel tests and are discussed,

7. I FLIGHTWEIGHT SHELLS

The full-scale_ flightweight engine components were placed in three devel-

opment categories to facilitate identification. These categories were retained

for convenience even though original distinctions and sequences were eliminated

in many cases. They are:

(a) Experimental components. This designation was applied to assem-

blies used to develop the manufacturing techniques and in practice

applied to the first completed assemblies. These assemblies were

tested as required to evaluate manufacturing techniques and design
features.

(b) Static test components. These assemblies were manufactured

to include the experience obtained from the experimental

components. They were used to evaluate pressure containment

and to obtain calibrations of pressure drop and flow distri-
bution.

(c) SAM components. These assemblies were used to manufacture

the SAM for the wind tunnel tests. Plumbing and instrumentation

were made compatible with the SAM requirements. In addition_

minor modifications to the coolant flow routes were made to re-

flect test experience on flow distribution.

Each of the major shell assemblies of the HRE (inlet spikej inner shell_

nozzle; leading edge_ and outer shell) has_ as its basic structure_ a sandwich

shell using plate-fin heat transfer surface brazed between face sheets. The

spike is made up of three shell assemblies. Two of these are single sandwich;

the third is a double sandwich consisting of three shells. The leading edge

and outer shell each consist of two shell assemblies_ and the nozzle and the

inner shell each consist of one shell assembly. Figure 7.1-I is illustrative

c.,,o.o.UNCLASSIFIED
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Figure 7.1-I. HRE Shell Assembly Shells

F- 14897
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of the variety of sizes and shapes of shells required for the various assem-

blies. Manufacturing proceduresj however 3 were similar for all assemblies.

The following discussion outlines these procedures.

7.1.I Sh_ll Forminq

The major operations involved in forming all of the shells were as follows:

(a) Blanking s forming s and welding a frustro-conical or cylindrical

shell using slightly thicker material than that required for

the finished part.

(b) Trimming and spinning an external flange on the large end of

the cone; this flange was used for holding the part in pre-

forming and final forming.

(c) Preforming to a size approximately l-percent smaller in diameter

than the finished dimensions.

(d) Chem-milling and polishing the shell to the final specified

wall thickness.

(e) Finish-forming by the electro-hydraulic technique.

(f) Trimming to final required length.

The preforming of the shells was done on an expanding mandrel. The unformed

shell was first clamped by its spun flanges over a set of segmented shoes that

had been machined to the finish contour of the shell s then a center plug was

hydraulically forced up between the shoes causing them to expand which, in

turn, expanded the cone to its desired shape. A side effect of this forming

operation was to create zones of varying thickness over the surface of the

shells. To compensate for this_ a localized chem-milIing operation was per-

formed to bring all zones of the shells to an equal thickness.

The sizing to final dimensions was done by electro-hydraulic forming on

a Cincinnati "Electroshape" machine. In this operation s the shell was mounted

inside a die cavity that had been precisely machined to the desired shell di-

mensions. The die ends were equipped with rubber gaskets to seal against the

open ends of the shell. Details of the die assembly for forming the shells

of the outer shell are shown in Figure 7.1-2. The die assembly ready for firing

is shown by Figure 7.1-3. After the shell was mounted in the die and secured

against the end seals, the inside of the shell was filled completely with ware%

and the space between the outside of the shell and the die was completely evacu-

ated of air. When this step had been completed s a high voltage potential was

built up in a capacitor bank and then discharged as a spark or across an ex-

ploding wire in the water inside the shell. The energy released by the dis-

charge (120_O00 joules maximum) forced the shell against the inside of the die.

For some of the shellss a deflector was used to control the variation of pres-

sure along the shell axis_ as shown in Figure 7.1-2 for the outer shell.

., EsEA cHM.NU,ACTU ,.O.o..-, UNCLASSIFIED
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Figure 7.1-2. Outer Shell "Electroshape" Forming Die--Die Halves

Separated to Show Machined Inside Contour

Figure 7.1-3 Outer Shell "E1ectroshape" Forming

Die Ready for Firing
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7.1.2 Shell Brazinq

All of the shell assemblies for the engine were fabricated entirely From

Hastelloy X, The shell sandwiches consisted of a hot skin 30.OI5-1n, thick;
the fins s either O.O04-in. or O.O06-in. thick; and the cold skin s either

O.OlS-in. or O,060-in, thick s depending on the structural requirements, Braz-

ing of the shell sandwiches occurred in machined graphite fixtures in an argon
atmosphere, Argon was also used to force the inner of the shells into close

contact with the finssand the outer of the shells against the graphite fix-

ture. Palniro 4 (30Au-34Pd-36Ni) was used during the first braze operation s
at 2150°Fs on all shell assemblies except the inner shell. The subsequent

braze operations using Palniro I (50Au-25Pd-25Ni)s Palnlro 7 (70Au-8Pd-22Ni)s
Palniro RE (55Au-15Pd-30Ni)s and Nioro (82Au-IBNi) were performed without

degradation of the primary fin joints. The nominal brazing temperatures used

for these alloys are s respectively: 2050°Fs 1970°Fs 2025°Fs and 1850°F.

During the first braze operation both ends of the shell assemblies were

sealed off either by the permanent headers G; temporary headers that would be
machined off later. After the braze operation two holes were drilled in one

of the headers and capillary tubes installed; the assembly was then coated

with a brittle lacquer ("StressCoat") and proof-pressure tested at I050 psig
while the surface was carefully scrutinized for evidence of elastic deformation

of the she]l at any unbrazed areas, This method of non-destructive testing is

described more fully in Section 8 of this report, After proof-pressure test-

ing 3 any machining operations required before subsequent assembly operations
were performed. The appearance of a typical assembly s the inner shell assem-

b]y s during the first operation--that of stacking the foil-type braze alloys
the fins s and the shells together--is shown in Figure 7.1-4a; the inner shell

assembly with the pressure inserts installed and ready for braze is shown by

Figure 7.1-4b; the preparation for proof-pressure testing is i11ustrated by

Figure 7.1-4c; and the appearance of the shell assembly after final machining

operations is shown in Figure 7.1-4d.

7.2 FLIGHTWEIGHT COMPONENTS

As outlined above s fabrication of the basic sandwich shells was much the

same for all of the coo]ed engine components. The folIowlng sections discuss

peculiarities of the basic sandwich shells as related to specific components

and the further operations involved in completing the assembly of the compon-
ents.

7.2.1 Inlet Spike

The inlet spike is a brazed and bolted assembly consisting of three sep-

arate brazed shell assemblies_ a sheet metal nose cones fuel injector plenum s

coolant outlet plenums and support f]ange_ a11 brazed together. Three in]et

spike assemblies were completed during the program_ with the third For use in

the SAM. The ]atter included hydrogen bellows and instrumentation as required
for the wind tunnel tests.
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• . VIEW SHOWING COLD SHELL, BRAZE

ALLOY, FINS AND DUMMY HEADERS

I

C. CAPILLARY TUBES IN PLACE READY

FOR PROOF-PRESSURE TEST

(_34J7

b. VIEW SHOWING PRESSURIZATION

INSERT IN PLACE READY FOR

BRAZE OPERATION

d. VIEW AFTER INSTALLATION OF

INJECTOR PORTS AND MACHINING

OF STRUT OPENINGS

Figure 7.1-4. Inner Snell Assembly
F- 14899
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7.2.1.1 Spike Brazed Assembly

The spike components_ shown in Figure 7.2-I_ were sequentially brazed
as tabulated below:

I. Palniro I (2050°F)

(a) Spike Tip

I. Plenum and tip-coolant tube brazed to cold skin of spike tip

2, Cold skin doublers brazed to cold skin of spike tip

(b) Fore-Splke Assembly

I. Pressure and temperature inserts brazed into assembly

2, Hot and cold skin doublers brazed to the shell assembly
at the Forward end

2. Palniro RE (2025°FI

(a) Spike Tip and Fore-Spike Assembly (Fore Body)

I. Nose cone brazed to spike tip

2. Spike tip brazed to fore-spike assembly

(b) Aft Spike Assembly (Aft Body)

I. Doubler at forward end brazed to cold skin

2. Actuator mounting cone brazed to cold skin

3. Fuel injector plenum brazed to cold skin

4. Coolant outlet plenum brazed to cold skin

5. Control thermocouple inserts brazed to cold skin

3. Palniro 7 (1970°F)

Used to join fore body and aft body brazed assemblies.

4. Silver Braze BAq-B (ISSO°F)

Used to install coolant control thermocouples into inserts by in-

duction brazing.

7.2.1.2 SAM Inlet Spike Assembly

The inlet spike assembly was completed with installation in the basic

c.,,.°.UNCLASSIFIED 72-8237
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NOSE CONE

/
SPIKE TIP

ASSEMBLY

/

FORE SPIKE SHELL

ASSEMBLY

AFT SPIKE SHELL

ASSEMBLY

FUEL INJECTOR COOLANT ACTUATOR MOUNT:_':!;? i

ENUM PLENUM - j

Figure 7.2-I. Major Components of Inlet Spike Brazed Assembly
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f-P--,, spike of (I) strain gages on the actuator mounting flange 3 (2) of the pressure

transducer package, (3) bellows assemblies, (4) accelerometers, and (5) re-
quired cabling and connector assemblies.

Photographs of the outside and inside of the spike assembly are shown in

Figure 7.2-2. The thermocouple terminal bracket can be seen in the upper-left

quadrant of Figure 7.2-2b_ attached to the coolant inlet bellows (small diameter

tube). The pressure transducer cabling was pulled through a hole in the bottom

of the bracket and clamped to the side of the bracket along with the thermo-

couple wires. The thermocouF1e wires_ pressure transducer cables, strain gage

cablesj and the acceIerometer cables were laced together and placed inside of

shrink-tubing to provide a common cable assembly for the transition from the

inner shell assembly to the inlet spike assembly.

The aluminum housing For the pressure transducers appears in the center

of the actuator mounting flange. It is supported by low Frequency vibration

isolators. The coolant outlet bellows and the Fuel inlet bellows for the in-

jectors appear above and below the flange. The bellows used to seal the gap

between the inner shell and the spike is attached to the large-dlameter flange

in the photograph.

One of the two accelerometers on this assembly can be seen in Figure

7.2-2b_ installed on the flange of the actuator mounting cone, in the lower-

left quadrant of the photograph. This is a unlaxial accelerometer that mea-

sures acceleration along the engine axis. A uniaxial accelerometer on a rib

of the mounting flange measures acceleration in the vertical direction.

The strain gages installed on the spike were located on the actuator

mounting cone. Two uniaxlal full-brldge installations were placed on ribs

of the actuator mounting cone and two fu11-bridge bending-moment bridges were

placed on the inside of the cone. The bending bridges were for measuring

bending in the vertical and horizontal planes. All strain gage installations

were covered wlth epoxy for water-proofing and protection From physical dam-

age.

7.2.2 Inner Shell Assembly

This assembly_ because of its straight 3 slightly-tapered walls_ was one

of the easiest to assemble. The unit consisted of the basic sandwich shell

assembly_ inlet and outlet coolant manifolds_ injector manifoldsj and the

support pads for the inner-outer body struts and the spike actuator. The

appearance of these details is shown in Figure 7.2-3_ and the arrangement

of the details to create the coolant and injector flow paths is shown in

Figure 7.2-4. Three inner shell assemblies were made during the program_

the final one, shown in Figure 7.2-5_ being used in the SAM. The two rows of

injection ports were incorporated in the first two assemblies_ as shown in

Figures 7.2-3 and 7.2-4_ but were omitted from the SAM, as seen in Figure

7.2-5. Because of structural requirementsj the injection manifolds were re-

tained for SAM. Figure 7.1-4 shows additional details of this assembly.
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a. INLET SPIKE ASSEMBLY

b. VIEW INTO INSIOE OF INLET SPIKE ASSEMBLY

SHOWING PRESSURE TRANSDUCER ASSEMBLY_

BELLOWS ASSEMBLIES, AND ACCELEROMETERS

F- I SO00

Figure 7.2-2. SAM Inlet Spike
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Figure 7.2-3. Inner Shell Assembly-Detail Components
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Figure 7.2-4. Inner Shell

Arrangement

Final Assembly--Braze Joint

and Flow Paths

F- I 4894
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Figure 7.2-5. Inner Shell Assembly - View Into Aft End Showing

Actuator Mounting Pads_ Strut_ Mounting Pads_

and Nozzle Mounting Flange
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t" 7.2.2.1 Sandwich Shell Assembly

The general fabrication details of this assembly are described in Section

7.1; however 3 this assembly contained the cutouts for the struts which required

special attention. The cutouts_ in addition to being leak-tight against the

coolant pressure_ had to be located within a few thousandths of an inch of true

position and the contour controlled within a few thousandths of an inch toler-

. ante. To achieve this control_ tooling holes were machined in the inner (cold)

shell after final sizing but before assembly. These tooling holes were first

used to locate header blanks in the sandwich assembly and_ after brazing_ the
special electro-discharge machining (EDM) electrodes were used to cut out the

strut openings. The holes were preserved through the EDM operation_ as can be

seen in Figure 7.2-3_ and used to locate the strut mounting flanges that were

subsequently brazed inside the shell.

7.2.2.2 Final Assembly

The step-brazlng sequence used to assemble the inner shell assembly was:

(a) Ist Cvcle--Palniro I. Fins_ headers_ and strut header blanks

to shells. Thls basic sandwich shell

assembly was brazed with Palniro 4; for

all other components_ Palniro I was used

here because the additional braze cycle

provided by Palnlro 4 was not required.

Structural performance is about the same

for both filler alloys 3 while the lower

braze temperature of Palniro I is less

abusive to the parent metal.

(b) 2nd Cycle--Palniro RE. Pressure tap and thermocouple inserts to

shells; fuel injectors to shells (on

experimental and static test components
only).

(c) 3rd Cycle--Palniro 7. Manifolds and strut and actuator mounting

pads to shell.

(d) 4th Cycle--Nioro. Strut pad and manifold joint repairs.

During installation of the manifolds and plenums into the shell_ Palniro

7 braze alloy was pre-placed in the joints and the parts were TIG-tack-welded

in place. Flanges_ pads_ and gussets were also TIG-tack-welded in place.

After all details had been located and tacked in place_ a slurry of Palniro 7

braze alloy powder and "Nicrobraz" cement was filletted around all of the

joints. The various coolant_ or fuel containment braze joints in the final

assembly are shown in Figure 7.2-4. The unit was brazed in vacuum at a tem-

perature of 1970°F.

During the final machining operations_ both of the end flanges were first

faced_ and cut to the correct diameter in a vertical lathe. The assembly was
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then installed in an EDM where the actuator pads were facedj and the actuator

pad bolt holes and coolant crossover holes in the aft plenum were machined.

In the final setupx in a jig boring machine_ the bolt holes in the Flanges
on both ends of the assembly were drilled and tapped,

7.2.3 Nozzle

This assembly_ bolted to the aft end of the Tnner shell 3 completes the
innerbody. It is a brazed and mach|ned assembly to which are bolted a cover

and baffle; an end cap is screwed in place to close out the assembly. The

brazement is made up of the shell assembly; described in Section 7.1_ the for-
ward manTfold_ and aft cold and hot rings. The arrangement of the various de-

tails to make up th|s assembly is shown in Figure 7.2-6 and the overall appear-
ance of the nozzle is shown in FTgure 7.2-7. The inner cold skin and outer hot

skin of the shell assembly were both O.OI5-in, thick. Three complete assem-

blies of this component were fabr|cated during the program_ of which the final
was used on the SAM,

7.2.3.1 Sh_11 Assembly

The shell assembly_ because of its steeply conical shapej with the small

diameter approximately 28 percent of the large diameter_ was particularly criti-
cal of setup during the First braze cycle, The First shells were installed in

the Furnace for the braze cycle with the small end down, Buckling of the inner

shell and blockage of a portion of the fin passages with braze alloy were ex-

perienced at the small end. Also; tensile deformation sufficient to rupture the

inner skin at the small end was encountered, Two changes in setup led to suc-
cessful braze cycles:

J . The fixture was inverted to permit brazing with the large end of

the nozzle down, This discouraged the concentration of alloy that

might cause fin pluggingj and eliminated any tendency for the

stra]ght section at the large end to seize prematurely in the
graphi te/pocket.

. The heating cycle was controlled and monitored to restrict the

temperature differentials between the inner structure and skin

to less than 75°F. This had the effect of approximately doubling

the length of the heating cycle; from approximately 4 to 8.3 hr_

but eliminated unacceptable dlfferentlal thermal growth.

The control of the temperature of the part (and braze alloy) during the

portion of the braze cycle above the solidus temperature of the alloy (2075°F)

proved to be extremely critical in llmiting the settling of the alloy_ and fin

plugging. The more rapidly the part could be heated to the liquidus (2140°F)

and chilled back through the solidus 3 the less tendency to plug and the more
uniform the braze fillets from top to bottom of the structure, This character-
istic was evident in all of the Fin-skin brazements made,
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NOZZLE CAP
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a. CONFIGURATION AT SMALL END
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b. CONFIGURATION AT LARGE END

F-15222

Figure 7.2-6 Nozzle Assembly Details
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66594-6

Figure 7.2-7, SAN Nozzle Assembly
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7.2.3.2 Final Assembly

The braze cycles selected for joining the various subassemblies and final
assembly of the nozzle were:

(a) Cycle No. I--Palnlro 4. Shells to fins; crossover manifold

flange to torus.

(b) Cycle No, 2--Palniro I. Pressure and therm@couple inserts to
crossover manifold. Cap screw bosses

to small-end ring.

(c) Cycle N9_ 3--Palniro RE. Crossover manifoldj small-end rings_

thermocouple inserts and pressure tube

inserts to shell assembly.

(d) Cycle No. 4--Palniro 7. Pressure tubes and thermocouples to

inserts in shell assembly.

Machining_ facing_ drilling_ and tapping of both ends of the assembly

were done after the final braze cycle in jig bores and vertical lathes.

Teflon "Omnlseals" were used at all the flange faces. The center bolt was

sealed with a Harrison "K" seal.

7.2.4 Leadlnq Edqe

The leading edge assembly consists of three major subassemblies; (I) the

inner (coolant outlet) manifold assembly_ (2) the outer (coolant inlet) manifold

assembly_ and (5) the tip assembly_ as shown in Figure 7.2-8. A major pre-

occupation in fabricating this component was control of size_ particularly at

the mating rings which interconnected the three subassemblies. Here 3 the size

tolerances were held plus or minus 0.002 in. for braze fitup. Three leading

edge assemblies were completed during the program_ with the final one used on
SAM.

7.2.4. I Subassemblics

Details of the coolant inlet and the coolant outlet manifold assemblies

are shown in Figures 7.2-9a and 7.2-9b. The basic sandwich shells responded

to the normal fabrication operations described in Section 7.1. Precise control

of the timing of the application of pressure during the braze cycles was re-
quired to ensure the close tolerances on the shell sizes.

The O.Ol5-in.-thick shell for the tip assembly was machined from a single

Nickel 200 ring forging. Brazing of the fins and inner ring into the tip

assembly presented a unique set of problems_ dictated by the shape of the skin

and close size tolerances. The braze fixture used a graphite ring to restrain

the outside contour. A pressurized Hastelloy X bellows supplied the necessary

pressure to the inside surface of the assembly for sizing and braze clearance.

A multi-operation procedure incorporating controlled brazing conditions 3 re-

sizing in the braze fixturej and a small amount of cold forming was successful

AIRESEARCH MANUFACTURING COMPANY..,.,.c._.UNCLASSIFIED 72-8257
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a. INLET MANIFOLD ASSEMBLY DETAILS
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b. OUTLET MANIFOLD ASSEMBLY DETAILS
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Figure 7.2-9. Leading Edge Shel| Assemblies
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in producing the required size.

7.2.4.2 Assembly Sequence

Assembly of the parts occurred in the following sequence_ arranged accord-

ing to the basic braze cycles.

Palniro 4 (2150°F)

Inner shell assembly (shells and fins),

Outer shell assembly (shells and fins)

(a)

(b)

(c) Tip assembly (shell 3 inserts, and fins)

Each assembly was individually brazed and proof-pressure tested

to 1050 psi9 after brazing. Pressure testing was performed with

"StressCoat" on the surfaces to permit detection of unbonded areas.

The tip assembly, at this point_ was put aside until required for

Final assembly.

Palniro I (2050°F)

(a) 0utlet manifold and instrumentation inserts to inner shell assem-

bly, to form outlet manifold assembly.

(b) Inlet manifold and instrumentation inserts to outer shell assem-

bly 3 to form inlet manifold assembly.

Each assembly was leak-tested at low pressure 4100 psig) follow-

ing its braze cycle.

Palniro 7 (1970°F)

This cycle joined the two manifold assemblies, the mating ring 3

and the stiffening ring, illustrated in Figure 7.2-I0a_ into the

structural assembly. The joints between the mating ring and the

shells were checked for leakage, at essentially zero pressure, in

two ways:

Ca)

(b)

With the mating rlng pointing down 3 the cavity above the

ring was Filled with acetone and the joints inspected for

seepage.

With the mating rlng pointing up3 the cavity below the

ring was Filled with helium and sniffed_ using a mass

spectrometer.

Nioro (1850°F)

This cycle joined the tip assembly to the structura] assembly

UNCLASSIFIED 72-8257
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a. COMPONENTS OF LEADING EDGE STRUCTURAL

ASSEMBLY (INLET AND OUTLET MANIFOLD

ASSEMBLIES, MATING RING, RING

STIFFENER)

b. LEADING EDGE ASSEMBLY AFTER COMPLETION

OF ALL BRAZING OPERATIONS

65B90-2

F- 15002

Figure 7.2-10. Leading Edge Assembly
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to complete the joining operations on the leading edge assemblys

i11ustrated in Figure 7.2-I0b. Doublers were brazed across both

the internal and external tip joints during this cycle. This

final assembly was again proof-pressure tested to I050 psig with
"StressCoat" on the surfaces.

7.2.5 Outer Shell

In terms of the number of detail parts and joints 3 the outer shell is

the most complex of the assemblies on the engine. In addition to two separate

shell assembIiesj it incorporates four toroidal ducts3 three machined struc-

tural support manifolds_ two machined plenum assemblies 3 the six flange pads

for strut mountingx and the fuel injectors. These subassemblies are shown in

Figure 7.2-II 3 which shows the completed outer shell assembly.

Fabrication of the manifolds and ducts embodied essentially the full gamut

of conventional metal formlng 3 ]oinlngj and machining techniques. The two

primary support manifolds required four separate circular machined forgings

each_ in addition to the strut pads. Each of these manifolds was made up of

a semi-toroidal ring brazed to an inner cylinder. The close Fits required for

these braze joints required close tolerances (±0.001 in.) and temperature con-

troI of the parts during measurement. In order to achieve the required fits

with the sheI]_ all manifolds were final-machlned to dimensions taken From the

shells after their last preceding braze and test operations.

The braze cycles used For the outer shell assembly were:

(a) Cycle No. I--Palniro 4. Main shell assembly3 shells to

fins

Trailing edge shell assembly_

shells to fins

Manifold subassemblies

(b) Cycle NQ, 2--Palniro I. Main shell assembly to fuel

injectors

Trailing edge shell assembly to

plenum

(c) Cycl_ Ng_ 3--Palnlro RE. Main shell assembly to all mani-

folds 3 static pressure sensing

tubess thermocouple insertss strut

mounting pads_ leading edge mounting

plenum (inner)s and trailing edge/main

shell mating ring (inner).

(d) Cycle No. 4--Palniro 7. Main shell to leading edge mount-
ing plenum (outer) 3 trailing edge

cap ring s gussets_ doubler s and

thermocouples.
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Experience during brazing of the shells showed a problem that was peculiar

to Fabrication of this component. The inner (hot) skin_ which was welded to

the pressurizing insert_ is 0.015 in. thick and much weaker than the insert.

The inner skin of the first assembly that was brazed buckled severely during

the brazing cycle because of dlfferential growth resulting From differences

in temperature. Incorporation of a strain-absorbing bead in the joint between

the inner skin and pressurizing insert 3 and limitation of the temperature dif-

ferences between skln and insert to less than I00 deg 3 permitted successful

brazing on the second and third shells. Fin-plugging was avoided during the

First braze cycle by limiting the time that the part was in the brazing tem-

perature range.

The third braze cycle_ using Palniro RE alloy 3 was the crucial cycle of the

outer shell sequence. In addition to the sealing requirements for all of the

manlfolds and plenumsj there was the hazard of fin-plugging by migration of

alloy through the slots around each of the strut openings. Stopoff was applied

in the slots_ and extra restraint was applied to maintain minimum clearance be-

tween the strut pads and she11. These measures were successful in preventing

any plugging except for a minor amount in the experimental component.

7,2.6 Struts

Six struts are required to connect the innerbody to the outerbody of the

engine and provide passages For all Of the service lines between the inside of

the innerbody and outside of the engine. The struts use O.020-in.-high flns_

formed From O.O04-in. Hastelloy X_ between the O.Ol5-in.-thick HasteIIoy X skin

and the forged Hastelloy X body. Figure 7.2-12 shows the major details used

in the Fabrication of a typical strut.

Three braze cycles are required For strut assembly:

(a) Cycle No. I--Palniro 4. Fins to skin and body

(b) Cycle No. 2--Palniro I. Special fin strip into tip

coolant passage

(c) Cycle No. 3--Palniro 7 or AMS 4778. Doublers to skln and coolant

tubes to body

Because of the small Fin passages_ an important consideration during fab-

rication was prevention of plugging of the Fin passages with braze alloy. An

O.O01-in.-thick layer of alloy pre-placed between the fins and the body or

skin did not plug fins_provided the portion of the braze cycle above the soli-

dus temperature was controlled. However_ any excess alloy that was a11owed to

enter the fin passages in addition to this amount caused plugging. The fam{ly

of a11oys used are sufficiently compatible that interalloying occurred at. even

the lowest braze temperatures to permit flow of alloys into the passages unless

positive provisions were taken to prevent it. "Stopoff" compounds on top of

previously brazed joints proved to be reasonably dependable barriers to flow

of alloy through the joints.
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A second important consideration for fabrication was the design of fixtur-

ing for use during the first braze cycle, This fixturing had to provide the
contact necessary for maintenance of braze clearance in spite of_inevitable
tolerances in the contour of the strut bodies, It consisted of four machined

graphite blockss correspondTng to the four major flat surfaces of the strut s

which were pressed against the skin by means of stainless steel bellows dur-
ing the braze cycle,

7.2.7 Test Summary

A summary of the tests performed on the shell assemblies is shown in

Table 7,2-I. The final assemblies for the inlet spike s cowl leading edge s

outer shell s nozzles and inner shell are tabulated with their respective

shell assembly(ies) for the experlmental s statlc 3 and SAM units. The compon-

ents and shell assemblies had no leakage or deformation unless specifically

noted in the table. The shell assemblies s as tabulated_ are the basic shell

assembliesj i.e. s shells and fins without any inserts or attachments s tested

following the initial braze cycle.

Hydrostatic proof-pressure testing is distinguished from leak testing.

All units weres in fact s carefully checked for leakage during hydrostatic

testing. The criterion for acceptability of the SAM final components s however s

was that they be bubble-tight when pressurized with nitrogen at the proof

pressure and immersed in water for a period of 15 rain.

7.2.8 EnqTne Mockup

A stainless steel and wood mockup of the flightweight 3 flight-designed

engine was Fabricated as an ald in establishing detail configurations of parts

and to evaluate the packaging of the engine subsystems. Flight testing of the

engine was still planned at the tlme. As a result s all subsystems were in-

corporated into the mockup. The completed assembly s shown in Figure 7.2-13 s

was made using the full-scale engine drawings to control all significant dimen-

sions,

Subassemblies similar to those in the fIightweight engine were used.

0uterbody s innerbody s spikes nozzle s leading edge s and strut assemblies are

all separate and were assembled as components. The spike/actuator and

spike/innerbody were made such that spike translation through the full S-in.

stroke was possible. Also s the actuator mounts were made sufficiently strong

to accept the actual actuator system. The stainless steel shells that had

been Fabricated to investigate forming operations were used as the mockup

shells. The other components s such as manifolds_ actuator s control system s

and instrumentation were fabricated from wood or aluminum. Aluminum tubing

was assembled to the mockup to evaluate plumbing fitup and routing. In ad-

ditlon s the accessibility of tubing braze joints for induction brazing was
checked.

7.3 INLET SPIKE ACTUATOR

This unit supports the spike to the innerbody and provides the actuation
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a. LEFT SIDE VIEW, NOZZLE REMOVED

b. VIEW LOOKING FORWARD,

NOZZLE REMOVED

F-15211

Figure 7.2-13. Flightweight Engine Mockup
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required to translate the spike for variation of inlet geometry. The complete

assembly is shown in Figure 7.3-I. It consists of three major components. The

support housing incorporates the six mounting struts and pads for attachment

to the innerbody. Its inside diameter is the bearing surface for the slide

assembly. Figure 7.3-2 shows both the housing and slide assemblies. The

spike attaches to the flange at the end of the slide assembly. The hydraulic

actuator assembly is shown in Figure 7.3-3. The large normal loads on the

spike that result from asymmetric inlet unstarts are supported by two Teflon-

impregnated fiberglass journal bearings_ shown at the left in Figure 7.3.2b,

These bearings are pressed in place on the housing and slide assemblies.

Sensing of the actuator displacement is provided by a linear variable differ-

ential transformer (LVDT) shown at the bottom in Figure 7.3-3a and mounted to

the assembly in Figure 7.3-3b. As orlginally designed for flight testing 3 the

actuator incorporated a spherical accumulator 3 shown in Figure 7.3-23 as the

source of high-pressure hydraulic fluid. This detail was deleted and replaced

by an external hydraulic system for the SAM tests.

The support structure housing is a 4340 steel weldment. The dimensional

tolerances on the struts were closely controlled to ensure a precise and rigid

attachment to the innerbody of the engine. Attachment for the actuator was by

a 4340 steel hub brazed into the housing. The mounting cone and cylinder for

the slide assembly were rough machined before welding° The material for the

slide is also 4340 steel. Bearing surfaces of both assemblies were hard-faced

by chrome plating.

The actuator housing was lathe-machined from 4340 steel. Provisions were

made for bolted attachment of the LVDT mounting bracket at one end of the hous-

ing and soft mounting at the other. The housing itself was heat treated to

Rc 38-423 then TI-cadmium plated externally 3 and chrome plated internally on

the piston contact area, The piston and universal joint attachment for the

actuator were machined parts made by standard methods. Since both are required

to absorb the aerodynamic shock loadsj they were made from 17-4 PH to ensure

structural integrity and proper surface condition. The snubbing springs and

locking piston inside the actuator were made from stainless steel. The snub-

bing device was machined from 303 CRES_ with an aluminum locking ring. The

latching device was made from nickel bronze to absorb the impact loads during

latching and unlatching. The end cap on the actuator was also made from

nickel bronze to provide ease of assembly and to accommodate friction loads.

7.4 ENGINE SUSPENSION FRAME

The suspension frame was designed to provide the means for mounting the

engine in flight. With minor modification_ this design was directly usable

in the SAM wind tunnel test application. In the tests 3 the frame supported

the engine from below rather than above, The completed suspension frame is

shown in Figure 7.4-Io The unlt consisted of three components_ bolted to-

gether, These are the basic frame_ the deflection block that formed the for-

ward mount 3 and the aft mount assembly located approximately at the center of

the frame. The frame was fabricated from Inconel 718 sheet and plate 3 welded

into box sections and heat treated. The deflection block was designed to pro-

vide 3 by means of strain gages 3 data on the axial and normal engine loads.
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Figure 7.3.1. SAM Inlet Spike Actuator
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b3986-2

a. COMPONENTS

\

b. ASSEMBLY

_986-1

F-15210

Figure 7.3-3. Hydraulic Actuator
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Figure 7.z,-l. SAM Suspension Frame
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The aft mount assembly was made to be very flexible parallel to the axis of the

engine_ and instrumented with strain gages to measure vertical load components

only, Two standoffs on each side of the frame were used to support the water-

cooled cowl/pylon. They were drilled and tapped on assembly to assure snug
fits.

7.5 WATER-COOLED WIND TUNNEL ADAPTERS

For testing of the SAM in the wind tunnelj the outerbody surfaces and the

plumbing and instrumentation were protected by water-cooled adapters. A water-

cooled support wedge was used to space the engine to the tunnel centerline.

In total_ five separate assemblies 3 bolted together and sealed with silicone

rubber ring gaskets_ were utilized: (I) the cowl/pylon; (2) the support wedge;

(3) the forward cowl panels to provide sealing between the water-cooled cowl

and the hydrogen-cooled outerbody leading edge; (4) the rear seal ring in the

gap between the aft end of the cowl and outerbody trailing edge; and_ finally 3

(5) the rear pylon cover which encloses the aft portion of the suspension frame.

The material used for all of the water-cooled components was Type 347 stainless

steel except For the pylon leading edge which was Fabricated From Hastelloy X.

7.5.1 Cowl/Pylon

This component consists of flve major subassemblies welded together. The

main cylindrical shell weldment_ shown by Figure 7.5-Ia, and the frustro-conical

forward end_ shown by Figure 7.5-Ib_ form the cowl; the two flat plate sub-

assemblies (not shown)3 and the leading edge assembly shown by Figure 7.5-Ic

form the pylon.

After fabrication of the details_ the main cylindrical cowl and frustro-

conical forward end were welded together 3 then a large opening was cut from

this weldment to receive the pylon. The appearance of the unit at this stage

of Fabrication is shown by Figure 7.5-Id. The next series of operations then

joined the pylon sides and leading edge to the cowl and attached the tubes and

manifolds to the assembly to produce the configuration shown by Figure 7.5-2.

The heavy rings and posts visible in Figures 7.5-Ia_ 7.5-Id_ and 7.5-2 are

removable flxturing used to hold the assembly round during the welding and

stress-relief heat treatment operations.

After completion of all of the joining operations_ the unit was stress re-

lieved and then proof-pressure tested_ using "StressCoat" for early detection of

abnormal stress zones. The welded pins used to connect the inner and outer

shells of the cowl were of particular concern. Percussion welding was used to

bond the pins to the inner shells but had not previously been inspected under
load.

7.5.2 Rear Pylon Cover

The rear pylon cover assembly is fabricated from five separate plate-fin
brazed assemblies and three coolant collector manifolds.

The plate-fin assemblies were brazed with "Nicrobraz" alloy at a brazing

AIRESEAI CHMANUFACTURINGCOMPANYUNCLASSIFIEDLOs Anllle$, Cil,forn_i

72-8237

Page 7-34



UNCLASSIFIED

b. FRUSTRO-CONICAL FORWARD END

a. MAIN CYLINDRICAL SHELL

c. LEADING EDGE ASSEMBLY d. CYLINDRICAL WELDMENT AFTER
CUTTING OF THE OPENING

FOR THE PYLON

F-15212

Figure 7.5-I. Cowl/Pylon Subassemblies
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Figure 7.5-2, SAM Cowl/Pylon Assembly Ready for
Proof Pressure Test
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temperature of 1950 to 2000°F and were pressure tested hydrostatically to

285 psig (1.5 x operating pressure differential) prior to being machined for

assembly by welding. Figures 7.5-3a and 7.5-3b show two views of the nearly

finished final assembly after the front plate-fin assembly and manifolds were

welded in place. The remaining operations to be performed on the assembly

were stress relieving_ installation of coolant outlet tubes 3 and final ma-

chining of the radius on the front panel assembly.

The assembly 3 after final machining and pressure testing 3 is shown in

Figures 7.5-3c and 7.5-3d. Figure 7.5-3c shows the machined radius that mates

with the rear seal ring; the coolant inlet tubes; and the coolant tubes that

pass through the plate-fln assembly and connect to the forward cowl and rear

seal. Figure 7.5-3d shows the machined manifold surfaces that seal on the O-

ring in the support wedge.

7.5.3 Rear Seal Rinq

The seal between the aft end of the cowl and the engine is achieved with

the seal ring shown by Figure ?.5-4. The seal ring is a brazement_ made up

of a machined U-shape ring 3 cover ring s the bolt pass-through inserts_ and the

tubular connections. Brazing was done in a vacuum using "Nicrobraz" filler

alloy.

7.5.4 For_yard Cowl Panels

The transition between the hydrogen-cooled cowl leading edge of the

engine and the water-cooled cowl is made by means of the forward cowl panels.

The means of attachment and sealing to the engine and water-cooled cowl are

shown by the sketch in Figure 7.5-5. The a_embly 3 consisting of two halves

bolted together_ is also shown in the figure. The halves were fabricated

from two concentric stainless steel rings welded together. The rings_ be-

cause of close size and shape tolerances_ were machined from forgings. After

welding of the concentric rings_ the two halves were produced by cutting the

ring and welding on the manifold-connecting flanges.

7.5.5 Support Wedqe

The completed water-cooled support wedge is shown in Figures 7.5-6a and

7.5-6b. Figure 7.5-6a shows the base of the assembly_ with the water inlet

on the leading edge and the water outlet fitting at the rear of the unit. The

base of the support wedge assembly rests on the wind tunnel base plate and is

bolted in position. Figure 7.5-6b shows the O-ring grooves used for seaIing_

with the cowl/pylon at the forward end of the support wedge assembly and the

rear pylon cover assembly at the rear of the assembly° The bulkhead open-

ing in the center of the assembly is for instrumentation and plumbing.

The last stages of the assembly of the support wedge are shown in Figures

7.5-6c and 7.5-6d. Figure 7.5-6c shows a view of the manifolding on the in-

side back panel assembly° A later stage of assembly is shown in Figure 7.5-6ds

where the large forward side panels have been electron-beam welded to the bulk-

head rear bottom plate and the forward bottom plate.
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a. FRONT b. REAR

Note: Above views show the assembly after welding the coolant collector manifold

and the front plate-Fin assembly in place. Bars and angle iron are used to

locate the plate-fin assembly and to minimize distortion.

C. REAR PYLON COVER-
EXTERNAL VIEW

Figure 7.5-3.

d. REAR PYLON COVER-

INTERNAL VIEW

Rear Pylon Cover Assembly
F-15217
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a. COMPLETED ASSEMBLY

/
-- o -RI_

K"" CLAMP _/'--'----------'_

\,i_o /--.,...f/

/ I _ I_ II I _- REARSEALRING

( I _ I _WA,E_GOOLEO)
_.:_,_:_::_:::::::::;_:-:_,_.,::::;,:_;,:::::_:_a:_-_0 -RING SEAL

:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::

_ WATER- COOLED COWL s-sszgo

b. SCHEMATIC--REAR SEAL RING

ATTACHMENT AND SEALS

Figure 7.5-4. Water-Cooled Rear Seal Ring

F- I 4892
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a. SCHEMATIC OF FORWARD COWL

ATTACHMENT AND SEALS

ENGINE COWL LEADING EDGE ASSEMBLY

_//_..,,-_ "0" RING SEAL IN

FORWARD COWL (WATER COOLED)*FORWARD CO L (

WATER COOLED COWL S-53358

b. ASSEMBLY OF COWL HALVES F- ! 4893

Figure 7.5-5. Water-Cooled Forward Cowl
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a. BOTTOM VIEW

b. TOP VIEW

c. COOLANT MANIFOLDING USED ON THE

REAR PLATE-FIN PANEL ASSEMBLY

Figure 7.5-6.

d. SHOWN AFTER FORWARD SIDE PANELS

WERE ELECTRON-BEAM WELDED TO

THE BULKHEAD PLATE AND THE

FRONT AND REAR BOTTOM PLATES

Water-Cooled Support Wedge F-f52f?
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7.6 SAM ASSEMBLY

The Structures Assembly Model (SAM) of the HRE consists of three major

sections: the engine_ the water-cooled adapters and support for the engine,

and_ finally_ the hydrogen manifold/valve assembly. Details of the fabrica-

tion of the engine and test adapters have been discussed in the previous sec-

tions of this report. The assembly and nomenclature are schematically shown

in Figure 7.6-I.

7.6.1 Experimental Assemblies

Two special assemblies were made to evaluate specific areas of concern

in the engine. One of these was a preliminary assembly of the centerbody in-

volving the innerbody_ spike, and actuator_ to confirm the fitup and action of

this portion of the engine; the other was a preliminary assembly of the entire

engine to check the fitup and help establish the requirements for assembly

fixturing. Both assemblies used the experimental components and a functioning

inlet spike actuator, which was connected to a hand-pump-pressurized hydraulic

supply. The inner shell and nozzle assemblies were joined using the special

wrenches needed for this operation. The overall appearance of both experi-

mental assemblies is shown in Figure 7.6-2.

Significant conclusions from this effort were (I) tooling and procedures

used in machining of strut cutouts in the inner and outer shells were capable

of producing the close tolerances necessary for satisfactory assembly of struts

into the shells, and (2) tolerances obtained in the overall assembly resulted

in a satisfactory closeout of spike and leading edge_ with annular gap vari-

ation from 0.035 to 0.048 in. in the latched-actuator position. This gap was

increased to 0.060 in. in the SAM by a change of actuator dimensions that

affect latching position.

7.6.2 Engine Assembly

The assembly of the various components of the SAM_ as shown in Figure

7.6-I_ is restricted to a very specific sequence that permits proper align-

ment of components and joining of the complex plumbing. The major assembly

milestones requiredj in the correct order_ are:

(a) Alignment of inner shell assembly and outer she11_ and

final machining of struts

(b)

(c)

Alignment of outer shell and leading edge

Alignment of actuator with inner shelI_ and machining

for dowel pins

(d) Final assembly of inner and outer shells and plumbing

(e) Installation of suspension frame, spike_ and spike actuator

(f) Assembly and plumbing of leading edge

(g) Installation of nozzle
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a. HRE CENTERBODY ASSEMBLY_ MOUNTED
ON'SHIPPING CART

b. HRE EXPERIMENTAL ASSEMBLY-VIEW

LOOKING INTO AFT END F-15215

Figure 7.6-2. Experimental Assemblies
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7.6.2.1 Inner/Outer Shell Preali.Qnment

The clearance between the struts and the openings in the inner and outer

shells must be limited (0-0,015 in,). At the same time_ the axial concen-

tricity of the inner and outer shells must be maintained within 0.010 in.

total. These simultaneous relationships are obtained by providing for a pre-

alignment of the two shells and a final machining of each of the struts in

such a manner as to compensate for minor misalignment of the strut openings.

To determine the relationship of the inner and outer shells_ they were

first assembled in true alignment and concentricity_ using undersized dummy

struts. Then an adiustable pair of templates were fit simultaneously into
each pair of the inner and outer openings and bolted together to duplicate

the relationship of the two openings. The misalignment in the axes of the

openings was then measured from the templates and recorded. This information

was then used to align tracer templates relative to the axis of each strut,

to control a Bridgeport Milling Machine with a tracer attachment in machining
the excess material from each strut.

7.6.2.2 Leading Edge/Outer Shell Assembly

A preliminary assembly of the outer shell and leading edge section was
made to ensure that the inside circumferences matched at the joint. To con-

tro] the joint concentricity_ the outside diameters of both the outer shell
and leading edge flanges were re-machined to the same diameter and concen-

tricity within 0.002 TIR. A ring was then fabricated to hold the outside

diameters of both flanges concentric while the bolts holding the flanges
together were installed and tightened.

7.6.2.3 Inner Shell/Actuator Assembly

Upon completion of the alignment activities of the inner and outer shells,

the spike actuator housing was installed in the inner shell and aligned. A
special locating fixture which registered on the bore of the housing and the
circumference of the inner shell was usedj and the spacing between each actu-

ator mounting pad and the corresponding support pad on the inner shell was

measured. Laminated shims were then installed_ the assembly bolted in place_

and the fixture removed. Dowel pin holes were machined radially through

three of the supports to insure repeatability of the assembly.

7.6.2.4 Structural Assembly

Following the preliminary fitups described above_ the final assembly of

the inner and outer shells took place. In order to position the assembly

most advantageously for the various fitup_ installation, and induction brazing

operations_ a special holding framework was used_ as shown by Figure 7.6-3.

The inner and outer shells were fixtured in their correct position rela-

tive to each other and the struts were then bolted in place_ first to the

inner shell_ and then to the outer shell. After tightening of the nuts and

bolts holding the struts_ the concentricity of the inner shell relative to
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Figure 7.6-3. HRE SAM Outer Shell Assembly Mounted

on Holding/Positioning Fixture

Figure 7.6-_. SAM Structural Assembly Ready for Start

of Plumbing Fitup_ Showing Fuel Plenum

and Its Locating Fixture

F-15214

_ AIRESEARCH MANUFACTURING COMPANYLos*.1,_,_. Ci._ UNCLASSIFIED
72 -8257

Page 7-,_6



UNCLASSIFIED

the outer was measured at each end. The centerllnes of the two assemblies were

found to be within 0.009 in. of each other and maximum variation in spacing be-

tween the inner and outer shell surfaces around any circumference was found to

be 0.016 in. This alignment was acceptable.

The plumbing installation on this assembly consisted of over 62 tubes,

elbows_ and manifolds_ connected by more than 140 induction-brazed sleeves or

butt-welded ioints. Before making the first permanent ioint, all of the plumb-

ing was assembled on a trial basis to permit establishment of the best sequence
of final assembly and brazing and to insure clearance with the water-cooled

cowl on the outside_and the actuator on the inside. An important portion of

the plumbing is connected to the fuel plenum assembly. This assembly is

attached to the actuator housing by means of a bolted bracket. To ensure

correct installation_ a special locating fixture was used during the trial

fit and final brazing operations_ as shown by Figure 7.6-4. Also shown in

this illustration is the heating blanket for the unused inner shell injector

manifold_ which was installed prior to any of the plumbing.

To induction braze the iolnts inside the inner shell, a11 of the strut

openings were sealed_ both ends were covered with plexiglas, and an argon

atmosphere was established inside. Manipulation of the coil was accomplished

through hand holes sealed with rubber gloves. After each circuit was com-

pleted_ it was leak tested at I00 psig. The tubular joints outside the shell_

if accessible, were butt-welded utilizing the TIG process with either No. 349

or Hastelloy W filler rod. Induction-brazed joints outside of the shell assem-

bly were individually bagged with plastic and filled with argon. After all of

the tube joints had been sealedj the entire assembly was immersed in a tank of

water and the hydrogen circuits were pressurized with gaseous nitrogen to

I050 psig.

The appearance of the structural assembly after installation of plumbing

is shown by Figure 7.6-5 and a detail view into the front end is shown by

Figure 7.6-6.

7.6.2.5 Installation of Suspension Frame 1 Spike r and Spike Actuator

Installation of the suspension frame occurred while the assembly was

still mounted on the fixture_ Figure 7.6-3. It consisted of attachment of
the aft support pads to the engine mounts with eight bolts, and installation

of the 3/4-in.-dia pin in the deflection block and brackets at the forward end.
The unit was then transferred from the yoke fixture to a large, box-frame,

tumble fixture_ which provided more clearance and positional flexibility, and

was positioned with its axis vertical_ as shown by Figure 7.6-7.

A trial installation of spike_ actuator_ and leading edge was made first,

with the packing-type sealsj between the spike and inner shell, in place_

to confirm concentricity of the components and make final adjustments on tube

lengths and fits at the three bellows connections between the spike and inner-

body. The final installation of the spike was then performed using the follow-

ing sequence of operations:
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I

Figure 7.6-5. SAM Structural Assembly After Completion

F-15216

Figure 7.6-6. SAH StructuraIAssembly-View Lookrng Into Front End
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f---_

Figure 7.6-7. SAM Engine Assembly

of Spike and Actuator
Setup for Installation

6838()
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(a) Raising the spike into position corresponding to maximum exten-
sion of the actuator s with the large bellows used to seal the

centerbody cavity clamped in a compressed position.

(b) Tightening the screws on the packing gland between spike and
inner shell.

(c) Removing clamps from the large bellows and bolting its flange

to the mating flange on the innerbody.

(d) Induction brazing the connections between the three hydrogen

bellows in the spike and the corresponding tubes in the inner

shell, and leak-testing the ioints.

(e) Insulating tubes and cables.

(f) Lowering the actuator (retracted) into place and bolting to the

inner shell, then extending the actuator and bolting it to the

spike.

(g) Checking actuator operation and the concentricity of the spike

relative to the inner shell.

The arrangement of the unit in the fixture during the above operations

is as shown in Figure 7.6-7.

7.6.2.6 Installation of Leadin 9 Edge

Following installation and checkout of the spike, the fixture was rotated

so as to place the engine axis horizontal for installation of the leading edge

assembly. A ring was used to ensure alignment of the flanges and inner sur-

faces during bolting of the leading edge to the outer shell. The eight 3/8-in.-

dia coolant inlet tubes and twenty-four I/4-in.-dia coolant crossover tubes

were then induction-brazed and leak-tested.

7.0.2.7 Installation of Nozzle

Before the nozzle could be bolted in place_ it was necessary to install

the coolant manifold which connected the six strut leading edges to the inlet

(aft) end of the nozzle. Also, before bolting, the six pressure taps which

sense gas pressure on the surface of the nozzle were connected to pressure

transducers mounted in a housing, as shown by Figure 7.6-8. The actual attach-

ment of the nozzle to the inner shell involved a series of operations performed

while the nozzle was held in position for bolting, Figure 7.6-9. The thermo-

couple and pressure transducer cable assemblies were first connected, clamped

in place, and insulated. Then ten "Omniseals" were installed in the pockets

in the nozzle flange. Finally, the nozzle was lined up and bolted to the inner

shell. Installation and bolting of the cover with its "Omniseals" followed

and the baffle was screwed in place (see also Figure 7.2-6). Finally, the

outer cap with its "Omnisea]" was screwed on and tightened with a special

spanner wrench, as shown in Figure 7.6-10. The installation of the center bolt

and metallic seal completed the assembly. The coolant system was then pressur-

ized with helium at I00 psig and a mass spectrometer "sniffer" was applied at
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Figure 7.6-8. Nozzle Assembly Showing Pressure Transducer Housing

Figure 7.6-9. SAM Engine Assembly - Nozzle in Place for Connection of
Cable Assemblies

Figure 7.6-I0.

L;

F- 15406

SAM Engine Assembly - Installation of Cap on Nozzle
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all of the seal joints to detect leakage; none was detectable.

7.6.3 Manifold/Valve Assembly

This assembly consists of the water and hydrogen supply and return lines

and the hydrogen system control valves and flowmeters. A plywood mockup of

the wind tunnel carriage was built to check the envelope constraining the

assembly. The model base plate_ mounted on the mockup_ is shown in Figure

7.6-II. The completed assembly is shown in Figure 7.6-12.

Water system plumbing was fabricated from standard pipe and tubing and_

generally_ used mechanical joints and standard fittings. To the greatest

extent possible_ hydrogen plumbing was welded_ with most welds dye-penetrant

and radiographically inspected. Materials are a11 500-series stainless steels.

To permit transport of the SAM by conventional methods_ it was shipped

as two sub-assemblies. One of these was the assembly of the engine and the

water-cooled components_ and the other the base plate and manifold/valve

assembly. This required the incorporation of mechanica1_ union type_

connections in each of the circuits coming from the engine. Furthermore_ to

a11ow for assembly and disassembly of the two major subassemblies in the field,

it was necessary to locate all of these connections within the confines of the

cutout in the base p|ate_ visible in Figure 7.6-II.

7.6.4 Final Assembly

The major assembly milestones required to complete the SAM were:

(a) Installation of bulkhead

(b) Installation of cowl/pylon

(c) Assembly of support wedge

(d) Fitup and connection to manifolding/valve assembly

The installation of the bulkhead required a series of relatively major

operations. The first group_ performed with the engine axis horizontalx tubes

pointing downward_ accomplished the emplacement of the bulkhead assembly_ the
routing of ali of the pressure connection tubes (approximately 70) through the

correct holes in the bulkhead_ and the induction brazing of extension tubes
to each of these. Also_ al1 of the cable assemblies (thermocouple_ pressure

transducer_ accelerometerx and strain gage) were routed through their allotted

holes in the bulkhead and secured, After these operations were completed_ the

assembly was installed on a stand as shown in Figure 7.6-13a for additional

operations. The water tubes for connection to the cowl/pylon were put through

the bulkhead for the first tlme at this point_ then the cowl/pylon was slipped
into place around the outerbody using a speclal yoke for support_ as shown in
Figure 7,6-13b. The water pipes through the bulkhead were connected to the

pylon_ the cowl body was centered relative to the outerbody_ and four bolt

holes were drilled_ reamedj and countersunk in the pylon and matching pads on
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FI gure

I II_ II •

7.5-11, Base Plate Mounted on the

Elevator Carriage Mockup

08375-1

P 1ywood

Figure 7.6-I 2.

N_SA L-70-=a, 2

Completed Manifold/Valve Assembly on

Mockup of Elevator Carriage

F-15237
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the suspension frame assembly. After this operation_ the cowl/pylon was re-

moved and the bellows used to seal the tubes to the bulkhead were welded to

the tubes.

The unit was next re-mounted on the stand and the outerbody was insulated

with a blanket of "Refrasil" approximately I/_ in. thick and an outer membrane

of silicone-impregnated fiberglas cloth. Then the cowl/pylon_ the aft sealing

ring_ and forward cowl panels were permanently installed with their silicone

O-rings in place. The aft pylon cover, with its seals_ was then installed, and

all of the water connections to the cowl/pylonx forward cowl panels_ and aft

seal ring were secured.

The next group of operations consisted of the fitup and connection of all

of the tubes between the engine and manifold/valve assembly. First_ the sus-

pension yoke was attached to the cowl/pylon assemb]y and a table-type fixture

of the same height as the support wedge was bolted to the bottom of the unit.

The matching tubes on the engine and manifold assembly were all trimmed to the

correct length. The engine was then lowered onto the manifold assembly_ as

shown in Figure 7.6-13c_ where all tubes were fitted and any misalignments

corrected. Suitable extensions_ with the proper end fittings brazed or welded

in place_ were joined to the lines at this time. After this operation, a]] of

the joints were leak-tested; those in the hydrogen circuits at 700 psig and

those in the water circuits at I00 psig.

The final group of operations covered the mechanical assembly of the re-

maining components. The locating jig under the cowl/pylon was removed and the

unit was lowered onto the support wedge_ Figure 7.6-13d 3 and bolted into place.

The general appearance of the completed SAM unit is shown by Figure 7.0-14.

7.6.5 Handlin_ Cart

For shipment_ the assembly of the engine and the water-cooled test adap-

ters was disassembled from the base plate and manifolding and enclosed in a

specially built cart that could be rolled on casters or hoisted by specially

located eyebolts. Figure 7.0-15 shows a drawing of the cart. The yoke shown

in Figure 7.0-13 was used to hoist the engine_ as indicated in Figure 7.6-15.

Prior to installation or removal of the SAM_ the aft cross beams can be re-

moved. In this way_ the height for hoisting is minimized. Once the pro-

tective enclosure for the plumbing and wiring clears the wedge support beams

(about 18 in,)_ the SAM can be extracted toward the rear. Guides are provided
for the aluminum cover to prevent inadvertent swinging, Spanner bars for use
in the hoisting are part of the handling cart. Al1 structural members of the

cart are cold-rolled steel. Pane11ing is aluminum and removable by means of

quarter-turn fasteners,

The manifold/valve assembly was shipped still mounted to the plywood

mockup. It was removed from the mockup after reassembly of the engine to the
base plate at the wind tunnel.

7.7 VIBRATION MODEL

The purpose of this model was to provide an inexpensive dynamic model of
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a. MOUNTED ON STAND FOR BULKHEAD
INSTALLATION OPERATIONS

c. SETUP FOR FITUP OF CONNECTING
TUBES BETWEEN ENGINE AND

MANIFOLD ASSEMBLY

Figure 7.6-13. SAM Engine Final

b. SETUP FOR FITUP OF COWL/PYLON

TO ENGINE, AND MACHINING OF
BOLT HOLES INTO SUSPENSION
FRAME ASSEMBLY

d. INSTALLATION ON SUPPORT WEDGE
AFTER BRAZING OF

CONNECTING TUBES

Assembly Operations

F-15218
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Figure 7.0-14. SAM Engine and Water-Cooled Structures

Mounted on Manifold/Valve Assembly
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the HRE early in the program. Work on fabrication of the model was stopped

following deletion of flight testing from the program. Detailed parts and sub-

assemblies were placed in storage or used to furnish hardware to the cooled

components used in the SAM.

The struts_ actuator assembly_ and suspension frame were usable in the

SAMx as were the inne:body crossover manifold and outerbody support manifolds.

All other components were simulated. The regeneratively-cooled shells were

modeled with single-wall instead of sandwich construction. In some cases_ the

configurations used produced the required dynamic similarity but differed in

shape from the original to facilitate manufacture. The main shell assemblies

are shown in Figure 7.7-I and show the modeling used in several cases.

7.8 SHELL ASSEMBLY FLOW TEST ADAPTERS

Although three major assemblies were designed (the innerbody (and spike)

adapte% the leading edge adapter_ and the outer shell adapter)_ fabrication

had not been started on the outer shelladapter when work in this area was

stopped. These adapters were for subsonic flow testing of the regeneratively-

cooled shells. The requirement for this testing and_ hence_ the adapters_ was

deleted at the time the flight testing was deleted from the program.

7.8.1 Innerbody (Spike)

The design of the adapter for mounting the innerbody was made to permit

its utilization_ with minor modifications_ to test the spike. SAE I020 Steel

was used for the major water-cooled structures_ to capitalize on its better

thermal conductivity compared to stainless steel. The heavy-wall sections

permitted extensive use of welded joints and torch brazing. Figure 7.8-I

shows the major subassemblies of the adapter and Figure 7.8-2 shows the appear-

ance of the assembled adapter_ tack welded prior to final welding. The round

cover plate in Figure 7.8-I was fabricated as a brazement.

7.8.2 Leadin 9 Edge

This unit incorporated heavy flanged spool assemblies and flat braze-

ments similar to those for the innerbody adapter. The frustro-conical shells

for the water-cooled walls are shown in Figure 7.8-3. The slots visible in

Figure 7.8-3 provided access for welding of the spacers that connected the
inner and outer shells of the double-wall assemblies.

7.9 TEMPERATURE CONTROL SYSTEM

The temperature-control system comprises (I)a control panel built in

three sections 3 (2) a panel for monitoring temperatures_ (3) a temperature-

control modul% (4) a flow-computing modul% and (5) a master power panel.

Photographs of these panels and modules are shown in Figures 7.9-I through

7.9-7.

The three sections of the control panel are shown in Figure 7.9-I. The

upper section contains the flow-indicating meters_ the low-flow alarm level
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b. SPIKE ASSEMBLY

a. OUTERBODY (OUTER SHELL, LEAD-

ING EDGE SEGMENT, AND TRAILING

EDGE SHELL)

41

J

C. INNER SHELL ASSEMBLY INNER

SHELL, AFT CROSSOVER MANIFOLD,

AND FORWARD INJECTOR MANIFOLD)

Figure 7.7-I. Vibration Model

d. NOZZLE ASSEMBLY

Components
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Figure 7.8-1.

_,_m..,,,'

Innerbody (Spike) Flow Test Adapter Subassemblies

F- 15,_05

Figure 7.8-2. Innerbody (Spike) Flow Test Adapter_

Tack-Welded Assembly - Left Side View
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64476-3

Figure 7.8-3. Details for Outer Shroud and Plug Assembly_

Leading Edge Flow Test Adapter
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COOLANT RATE VALVES
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BET ZONE REFERENCE TEMPERATURES

HRE-SAM TEMPERATURE AND VALVE CONTROL
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Figure 7.9-1. Temperature Control System Control Panel
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Figure 7.9-2. Temperature Control Chassis_ Front View

Temperature Control Chassis_ Front Panel

Open to Expose Circuit Boards
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Figure 7.9-5. Flow Calculator Chassis_ Front View

Figure 7.9-6.
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Flow Calculator Chassis_ Front Panel Open to
Expose Circuit Boards
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Figure 7.9-7. Printed Circuit Board Types in Flow

Calculator Chassis
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adjustment_ and the selector switch for mass-or volume-flow-rate indicatron

on the total-flow panel meter. The middle section contains the four control

knobs for operating the CRV's over-temperature warning; and alarm indicators

and Reset switch_ control channel indicator lights_ ICV operating switch_ Run-

Calibrate switch_ by-pass valve indicators and switch and zone-reference tem-

perature voltages. The lower section contains the Shutdown and Reset switches_

alarm indicators_ purge annunciator_ and Facility-Ready switch.

The temperature control circuits are mounted in a chassis_ shown in Fig-

ures 7.9-2 and 7.9-3. Figure 7.9-2 shows the chassis with the front panel

closed. Figure 7.9-3 shows the same chassis with the front panel open to show

the mounting arrangement of the circuit boards. The eight types of printed

circuit board used in the chassis are shown in Figure 7.9-4.

The flow calculator circuits are housed in a separate chassis_ shown in

Figures 7.9-5 and 7.9-6. As before_ the two views show the front panel closed

and open 3 respectively. The five types of circuit boards are shown in Figure
7.9-7.
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8. TESTING

B.I STRUTS

This section outlines the procedures and results of tests conducted on

full-scale struts of the Hypersonic Research Engine. The tests were designed

to determine (1) thermal performance and thermal fatigue resistance of the

strut_ (2) thermal performance and thermal fatigue resistance of the support

panels which simulate the engine structural shells in the vicinity of the
struts_ and (3) coolant flow distribution.

8.1.1 Purpose and Scope

Design of the struts was dictated by the severe thermal operating con-

ditions in the combustion chamber and by their basic function of carrying

centerbody structural loads to the outer shell while keeping spike deflections

within acceptable limits. A leading edge radius of 80 mils was used to limit

drag. Because of the resulting large leading edge heat flux_ large tempera-

ture differentials exist between the strut stagnation line outer surface and

the average metal temperature of the strut. Thermal cycle fatigue data as

well as creep rupture test data are required to provide assurance of adequate

engine life. Meaningful thermal cycle fatigue data can best be obtained if

the actual flight engine parts are used as test specimens in usage conditions.

All struts tested were essentially identical in design_ except in a few speci-

mens where a fin was brazed in the leading edge cooling passage. The strut

top and bottom support panels_ which are constructed and cooled to represent

a segment of the engine shells in the vicinity of the struts_ were tested in

combination with the struts. A total of four struts_ three top support panels,

and three bottom support panels were tested in hydrogen/oxygen/air combustion

products up to a total gas temperature of 5300°R.

8.1.2 Description of Test Specimens

8.1.2.1 Strut Configurations

All of the struts tested were similar in design and were full scale in

size. The strut is made of Hastelloy X. It has an O.08-in. leading edge

radius I a 0.3-in. trailing edge radius3 and is 8.6 in. long. Its initial

half-angle is 13 deg_ with a maximum chord thickness of 1.8 in. Its heighL

is 2.1 in. excluding the flange. The sidewall exposed to aerodynamic heating

is 1.4 in. between support panels_ and is cooled by hydrogen flow in plain

rectangular fins beneath the O.OIS-in. skin. The fins are 0.004 in. thick

and 0.020 in. high_ with 20 fins per in. normal to the flow path. The leading

edge coolant passage is a O.131-in.-dia hole. Two configurations of the flow

circuits for the sidewall and leading edge coolant were tested as shown in

_ AIRESEARCH MANUFACTURING COMPANYLOS Anle_es Ca_itorn_,b
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Figure 8.1-1a. Configuration No. I utilized a single inlet tube 3 and a brazed-
in obstruction in the shorter path to equalize pressure drop and flow distri-

bution; configuration No. 2 featured two separate inlet tubes; and a partition

between the two inlets to the strut passages to permit measuring pressure drop

in each passage and flow distribution. The hot skin and fins are brazed to

the strut body in the primary brazing cycle. In subsequent brazing cycles2

the doubler_ coolant inlet and outlet tubes_ and in some assemblies; a leading

edge cooling fin were brazed in place.

i

8.1.2.2 Support Panel Confiqurations

The support panels were plate-fin configurations and were fabricated to
simulate the inner and outer shell assemblies in the area of the strut cutouts.

The coolant flows into a manifold at one end of each panel and is dis-

tributed in the manifold before flowing through the fins to the outlet mani-

folds where it is collected and discharged.

Instrumentation for measuring hot gas pressure and hot wall temperature

was brazed into the panel. Thermocouples for measuring cold wall temperature

were spot-tacked onto the panel surface. In some cases temperature-indicating

paint was sprayed onto the cold wall surfaces to obtain a temperature profile.

Three support panel configurations were tested. The configuration No. I

support panels had no provision to adjust for the maldistribution of the
coolant due to the strut cutouts. The coolant holes between the inlet and

outlet manifolds and the fins were of a constant diameter across the width of

the support panel. The configuration No. 2 top and bottom support panels had

flow distribution adjustment between the inlet and outlet manifolds and the

fins by the use of three different hole diameters across the panel width. The

configuration No. 3 top and bottom support pane]s had the final engine coolant

passage configuration used in the inner and outer shell assemblies. The
coolant holes between the inlet and outlet manifolds and the fins vary 3 in

order to provide the required flow distribution in the panel. An unfinned

channel between the fins and the strut cutout provides the necessary cooling

around the cutout. The configuration No. 3 panel is shown in Figure 8.l-lb.

8.1.3 Test Setup

The strut test specimens were tested in a 1.4 by 6-in. Mach 2 tunnel in

which the flow was high-enthalpy gas produced by hydrogen_ air_ and oxygen

combustion. Atmospheric air was introduced into the burner. Oxygen was

injected into the air stream upstream of the hydrogen injection. The mixture

was ignited and burned in a burner section and expanded through an adapter_

the C-D nozzle3 and the test section_ and exhausted into atmosphere. The

adapter was needed to match the burner diameter to the C-D nozzle inlet which

has a 4 by 6-in. cross section.

The basic burner was 72-3/8 in. long with a 13-I/4-in. ID and a water-

cooling jacket around the outside. An electrical igniter was located in the

burner, and the air flowed past the bluff body. When oxygen was requiredj it

was injected into the air upstream of the bluff body.
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Water-cooled adapter sections were used between the 15-1/4-in.-dia burner

and the inlet of the water-cooled nozzlej and between the nozzle outlet and
the strut test section.

The test section was downstream of the Mach 2.5 nozzle and consisted of

top and bottom support panels and a strut assembly, The strut was bolted
between the top and bottom support panels, Gaseous hydrogen was supplied to

the top and bottom support panels at ambient temperature and 500 psia_ to the

strut-side wall coolant circuit at ambient temperature and 700 psia3 and the

leading edge coolant circuit at 1600 to 200°R and 700 psia. Inlet pressures

were regulated.

The gaseous hydrogen supplied tO the burner and to the test section for

coolant was stored in a cascade at 1900 psig, The cascade was pumped up from

a liquid hydrogen storage system. Pumping occurred automatically when the

gaseous hydrogen pressure reached 1600 psig. The pumping rate was generally

below the test flow rates so that cascade pressure decayed gradually during

the tests. The hydrogen was supplied directly to the test cell with the
exception of the leading edge coolant 3 which was passed through a liquid nitro-

gen heat exchanger before being supplied to the test assembly.

The test measurements fell into four groups relating to (I) the hot gas 3

(2) the coolants_ (3) wall temperature3 and (4) hydrogen composition.

The ortho-para composition of the leading edge coolant hydrogen was

analyzed with a gas chromatograph. The gas chromatograph was a Perkin-Elmer

vapor fractometer with a 4-ft molecular sieve column and a 4-ft silica-gel
column. A hydrogen sample was taken downstream of the strut leading edge

cooling circuit and then passed through the gas chromatograph, The electrical

output of the gas chromatograph was recorded on a continuous-reading single-
channel recorder,

8.1.4 Test Procedures

The test was conducted with a fixed C-D nozzle tunnel exhausting to atmo-

sphere, The test section Hach number varies slightly_ depending on combustion

products composition, For clean airj the test section Mach number is 2.3.

The overall test program involved three parts_ (1) calibrationj (2) performance

test_ and (5) thermal cycle test, The calibration was performed to evaluate

(I) the effective flow area of the leading edge passage at the downstream
thermocouple station to permit correction of test readingsj and (2) the lead-

ing edge back-side conduction effects.

For the performance testj all flows were held steady for a period of
3 min or longer. The steady-state tests covered conditions ranging from 12600

to 5300°R in total temperature and 1,3 to 8.8 million-per-ft unit-Reynolds
number, The burner pressure ranged between 160 and 300 psia.

For the thermal cycling test3 the burner oxygen_ hydrogen3 and airflow

rates were varied during a cycle to produce a nominal temperature range from
near room temperature to 4000°R. The corresponding burner pressures were at
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nominal IO0 and 275 psia respectively. The peak-heating periods last approxi-

mately 60 sec. During the cycling test all coolant controls were held steady.
Due to change in temperature_ however_ the leading edge coolant-flow rate

varied appreciably.

Leading edge coolant flow was calibrated for SN 6_ configuration No. I_

and SN 2_ configuration No, 2 struts. During one period of tile calibration
all flows were off except the leading edge coolant, The net flow area of

the leading edge coolant passage at the downstream thermocouple station was
determined from this condition, Since the flow was nearly adiabatic_ the
flow throttling effects could also be determined, In another calibration

period_ only the strut sidewall and leading edge coolants were turned on,

The sidewall coolant was at room temperature_ and the leading edge coolant
was at 200°R nominal, Heat exchanging between these two coolants provided

a check on the analytical conduction model,

The test section total temperature was not measured during each run> but

was read from a chart which gives temperature as a function of the hydrogen-
to-oxidant weight ratio. Total entha]py at the test section inlet is assumed

to be the combustion enthalpy less the heat ]oss to the cooling jacket. The

total temperature is not sensitive to pressure for temperatures below 3000°F
and is only slightly pressure-dependent for temperatures between 3000 ° and
4000°F.

8.1,5 Test Results

A total of 41 runs of steady-state tests and 219 thermal cycles was

completed. A complete summary of the strut and support panel test conditions

is given in Table 8.1-I. The strut leading edge heat transfer results are

summarized in Figure 8.1-2a which presents the ratio of the measured average
-heat flux to the theoretical heat flux which is assumed to be one-half of the

Fay-Riddell stagnation line heat flux as a function of Reynolds number and

K-factor. The heat-flux ratio has an average value of 1.8_ which implies

that the area-average flux is approximately 90 percent of the peak heat flux.

The high heating is thought to be caused by the thick boundary layer and

turbulence in the tunnel flows. Due to upstream turbulencej the stagnation

zone heat transfer rate increased by a factor_ K_ which applies uniformly

over the curved portion of the leading edge. Based on this concept_ the

theoretical heat flux distributions for K = I to K = 3.5 are shown in

Figure 8.1-2c. The relation between the average heat flux (area average

under each curve in Figure 8.1-2_and K is shown as Figure 8.1-2b from which

the K-factor for each run is determined. Average heat flux was based on test

heat addition to leading edge coolant and the external area of the leading
edge.

During runs 30 to 35_ the SN 6 strut was coated with low-melting-tempera-

ture strips. Since the external heat transfer coefficient decreases monotoni-

cally from the stagnation Iine_ the strut surface temperature also would vary.

The strips would melt and be blown away where the surface temperature exceeds

their melting temperature_ Thus_ the edges of the unmelted strips after the

test represent the surface isotherm line at the melting temperatures of the
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strips. Since the strut leading edge internal cooling coefficient is known

fairly accurately_ the added knowledge of the external surface temperature

permits the determination of heat flux. The cadmium strip melted at 610°F,

and receded back to e = 30 deg after run 32. The zinc strip melted at 787°F

and receded to e = 70 deg after run 35. Based on these temperaturess the

heat transfer coefficient determined at e = 30 deg from run 32_ was 2.3-times

larger than the stagnation line value predicted by the Fay and Riddell theory;

and the coefficient at e = 70 deg for run 35s was 1.25-times larger than the

theoretical stagnation line value.

A considerable reduction of the stagnation line wall temperature was

achieved by adding a fin to the leading edge cooling passage. For a hot gas

total temperature of 3800°Fs the stagnation line temperature for the configu-

ration No. 2s SN 2 strut with a fin was 1700°Rs as compared to 2040°R for the

SN 6 strut without a fin. The thermal fatigue life of the strut leading edge

was demonstrated most conclusively on the SN 5 strut when one of the two flow

passages (one on each side of the fin) was plugged during fabrication. Analysis

of the SN 5 strut test data reveals that a maximum Hastelloy X metal tempera-
ture of 2600°R was reached during the test.

8.1.5.1 Thermal Cyclinq Test Results

Thermal cycling tests were conducted for struts SN 2 (configuration
No. 2); SN 5; and SN 6 to 42_ 102, and 73 cycles_ respectively. The nominal

hot gas conditions for peak heating were 250 psia and 4000°R total tempera-

ture. The strut sides and leading edge heat loads for thermal cycling runs
had a range of ±10 percent and ±15 percent_ respectively from the nominal

values. The peak leading edge temperatures for the three struts are nominally
1800°R_ 2100°R_ and 2600°R for struts SN 2_ SN 5_and SN 6. For strut SN 5_

the peak temperature of 2600°R occurs approximately 30 degrees off the stagna-
tion line.

8.1.5.2 Strut-Side Flow Distribution

The strut-side wall is cooled with hydrogen gas entering near the trail-

ing edge. The coolant flows forward in two branches -- the leading edge side

and the trailing edge side. The strut-side wall flow characteristics were

determined for configurations No. I and 2. Flow distribution (percentage of

flow split to the leading and trailing edge strut sides) for configuration

No. I strut (SN 2) was estimated from structural temperature measurements

during hot-tunnel operation. Configuration No. 2 flow split was determined

from individual measurements for isothermal airflow to each of the strut sides.

Configuration No. I strut has a single inlet to the strut sides and uses

pressure drop to aportion flow. Results indicate that the percentage of flow
split to the leading edge side is 41 percent3 while the trailing edge side

receives 59 percent. The design objective is 55 percent and 45 percents
respectively. Temperatures used in the estimate were obtained from four

thermocouples tacked to the inner strut structure at two locations along the
strut length on both sides.
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Configuration No. 2 strut differs from the first configuration in having

the sides of the inlet separated. Separate inlet tubes were used for test;

however_ in the actual ;nstallation_ a single inlet tube will be used. The

objectives of these tests were twofold: (I) to experimentally verify the

design flow-rate split to each of the revised strut-sides coolant passages_

and (2) to calibrate the strut-sides pressure drops predicted with hydrogen
to design.

Air test results indicate that overall pAP for configuration No. 2 struts

at the Mach 6.SL design point flow rate (1.86 Ib/min of H2 per strut) is

25.5 lb/ft3-psi for SN 2 and 28.5 ib/ft3-psi for SN 3. The design point
pAP requirement is 32.3 ]b/ft3-psi and requires the use of orifice restrictions

in the lines to assure proper flow withdrawal from the outer shell. The

percent flow-rate spilt to the leading and trailing edge strut sides respec-

tively is approximately 50-50 for both SN 2 and SN 3. The design objective
flow-rate split is 55-45.

8.1.5.3 Creep Rupture Test Results

Flat panel tests_ reported in Section 8.3_ indicated that the 20-fins-

per-in._ O.O04-in.-thick plain rectangular fins used in the struts should

achieve a fin-strength efficiency of 0.350 to 0.400 for creep rupture and

O.SO0 for short time burst. A total of four strut assemblies were subjected

to creep rupture tests to evaluate the containment strength of the finished

components. The maximum fin design operating conditions were 700 psi internal
pressure and 1200°F maximum fin temperature. The tests were carried out at

1300°F to provide an overtemperature margin of IO0°F.

The structural design basis for all fins in the engine is a safety factor

of not less than 1.5 for creep rupture strength. The following published

strength data were used to evaluate fin strength performance at 1300°F.

= = 43_000 psiOul t 74_000 psi; °lO-hr creep rupture

For the 20-fin-per-in._ O.O04-in.-thick fin_ nominal fin stress due to internal

pressure is ofi n = II.5 p. For I050 psi pressure (= 1.5 x 700)_ the nominal

fin stress is 12_IO0 psi.

The test specimens were tested with incrementally increased pressures.

The load history for the first specimen was 650 psi for 16 hr_ 750 psi for

IO hr_ 850 psi for IO hr_ 950 for IO hr_ and rapidly increased pressure until

burst at 1650 psi. This specimen survived 46 hr of sustained pressure without

creep rupture_ 36 hr of which were at pressures in excess of the 700 psi design

operating pressure. The burst rupture initiated near the aft end of the strut

at the end of the fins. Inspection of the failed part showed that a braze

void had occurred at this location. Beyond the void area_ the failure was

entirely within the fin parent material. This strut did not achieve its full

potential fin strength capability because of the braze void. In spite of this

defect it did achieve adequate strength to meet the design goals.
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The second strut was tested at 700 psi for I0 hr_ 1050 psi for I0 hr_

1350 psi for 9 hr3 and burst at 2850 psi. The elapsed time of I0 hr at 1050

psi by itself demonstrated compliance with the 1.5 safety factor on stress

rupture. Calculations were carried out to asse_ fin-strength efficiency values
for creep rupture and for short-time burst. These were:

_fin = 0.35 for creep rupture

1]fin = O./_5 for short-time burst

These results were definitely in line with the anticipated values of 0.40 for

creep and 0.50 for burst. This test strut is shown in Figure 8.1-3. Failure

initiated at the aft end of the struts at the end of the fins. There were no

braze voids_ and failure was in the fin parent metal.

The loading history for the third specimen was I050 psi for I0 hr and

then 1500 psi for 5 hr. The pressure was then to be increased in IO0-psi

increments at one-minute intervals until burst. The feeder tube failed at

16OO psi. After the tube was repaired_ the component was rapidly repressurized

to 1600 psi_ and then the pressure was increased as indicated above until

rupture occurred at 2100 psi. From inspection of the test specimen_ it was

determined that the rupture occured in the fin parent metal and that there were
no braze voids.

At I050 psi3 the nominal fin stress is 12_I00 psi_ while at 1500 psi

internal pressure_ fin stress is 17_250 psi. If rupture had occured precisely

at the end of the 15-hr of cumulative creep-loading> the fin-strength efficiency

for the test would have been 0.370. This is actually a lower-bound est[mate_

since the unit was subjected to additional creep before rupturing at 2100 psi.

The fact that the burst pressure of 21OO psi was not significantly higher than

the 15OO psi (which was held for 5 hr) indicates that the failure was essentially

due to creep-rupture_ rather than short-time burst.

The loading history for the fourth specimen was I050 psi for I0 hr followed

by 1500 psi for 5 hr. The unit was then subjected to increased pressure in

IO0-psi increments at one-minute intervals to 2300 psi_ at which time the

feeder tube developed excessive leakage. Upon repairing the tube_ the unit

was rapidly pressurized to 1600 psi_ and then the pressure was increment]y

increased until rupture occurred at 2020 psi. By again assuming that the

unit creep-ruptured after the 15 hr of sustained loading_ the fin-strength-

efficiency factor would have been 0.370. The actual failure of this unit was

also due to creep rupture. This is substantiated by the fact that the unit

eventually ruptured at 2020 psi after previously having been exposed to
2300 psi.

8.1.5._ Low-Cycle Fatiflue Results

The requisite temperature data needed to perform the low-cycle thermal

fatigue calculations are summarized in the tabular information shown on

Frgure 8.1-_. The temperature rise along the strut length is l[near_ and
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Figure B.l-3. Strut Assembly After Rupture Test
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the strut body will operate at local coolant temperature. Since this tempera-

ture rise is gradual and linear_ the strut body will be essentially free of

thermal stresses_ and the differential expansion of the hot surface producing

thermal fatigue will be the local difference between the hot surface and the

st rut body.

In the area of the leading edge_ differential expansion was computed by

comparing the local outside wall stagnation temperature_ the inside wail

temperature at the stagnation line_ and the coolant fin temperature to the

coolant outlet temperature. The numerical data on Figure 8.1-4 pertains to

the thermal cycle testing on specimens SN 2_ SN 5_ and SN 6_ to the SAM test

conditions_ an_ finally to the Mach 8 flight conditions. A thermal fatigue

analysis was carried out for each of these cases. The fatigue performance

was based upon parent metal Hastelloy X data obtained by AiResearch on the

Regeneratively Cooled Panels program (Contract No. NASI-5002) and from

Nickel-200 data reported in AiResearch Report No. AP-68-4617 during the HRE

program.

8.1.5.4.1 SN 2 Cycle Life

The maximum differential expansion from the strut outlet reference

temperature is at the leading edge stagnation llne. The differential tempera-
ture was

AT = 1390°F - 400°F = 950°F

The differential expansion due to these two temperature levels was _DT = 0.0088

in./in. The plastic-strain range corresponding to this total strain amplitude

was D_pl = 0.0044 [n./in. From the Hastelloy X low-cycle fatigue information_

the predicted cycle life would be N = 1650 cycles.

The mean metal temperature at the stagnation line was 1115°F_ and the

pressure-containment stress with 700 psi coolant was

p rm (700) (0.0725) 3550 psi
= -£-- = (0.ol5) =

At this temperature and stress intensity_ creep was not a factor at all. This

unit survived a total of 44 actual test cycles without failure.

8.1.5.4.2 SN 5 Cycle Life

This test unit was constructed with a blocked cooling package on one

side of the leading edge internal cooling fins. Because of this blockage_

the test unit was subjected to extremely severe thermal cycles_ and because

of this_ an excellent measure of cycle life capability was obtained. This

test unit survived I02 thermal cycles without failure at these conditions

with an average time at maximum temperature of approximately 2 mln per cycle.
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The elapsed time at maximum temperature was approximately 3.5 hr during

this test. Based upon a mean metal temperature at the stagnation line of

(2150°F + 1800°F)/2 = 1825°F_ the creep rupture life would have been 50 hr.

The creep rupture life fraction was 3.5/50 + 0.7.

The total applied differential temperature between the strut body at the

coolant outlet edge was

AT = 2150°F - 440°F = 1710°F

The differential thermal expansion was 0.0169 in./in._ and the resulting

plastic-strain range was Acp = 0.0125 in./in. From HasteIloy X fatigue data_

the low-cycle fatigue life without considering creep was N = 175 cycles. With

creep effects includedx this would have been

N = 175 (I - 0.07) = 163 cycles

8.1.5.4.3 SN 6 Cycle Life

The mean meta] temperature at the stagnation line was 1500°F_ and the

creep rupture life due to pressure containment would have been in excess of

IOxO00 hr. The total elapsed time of 2.5 hr at maximum temperature_ therefore_

contributed a negligible amount of creep damage, This unit survived 62 cycles

at the above conditions and another 25 cycles at varying conditions without
failure.

The maximum temperature differential during each of the above test cycles

occurred at the leading edge stagnation line3 and was

AT = 1700°F - 400°F = 1260°F

This produced a differential thermal expansion of 0.0120 in./in._ and a

corresponding plastic-strain range of A¢ = 0.0076 in./in. Based upon 1540°F
P

low-cycle fatigue data_ the predicted cycle life was 650 cycles.

8.1.5.4.4 SAM Test Conditions

The temperatures for the SAM test unit were shown in Figure 8.1-4. The

peak AT occurs at the leading edge cooling fin. The temperature differences

at the leading edge stagnation line are small when compared to the coolant

outlet temperature_ and the maximum structural AT takes place at the cooling

fin. The differential temperature was

AT = 1700°R - 200°R = 1500°R

The fin is constructed from Nickel-200_ and the applied thermal expansion

differential is 0.0144 in./in. Utilizing Nickel-200 stress/strain data and

Nickel-200 fatigue test results_ the applied plastic strain range was 0.0124

in./in, with a predicted life of I100 cycles.
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8.1.5.4.5 Mach 8 Fliqht Cycle ' Life

The Mach 8 flight thermal conditions were also shown on Figure 8.1-4.

The cycle thermal conditions would be quite similar to those encountered in

the SN 5 test unit. The maximum temperature predicted at the leading edge

outside stagnation line is virtually identical to the SN 5 outside wall

temperature. The inside wall temperature would be considerably ]ower_ while

the coolant outlet temperature would be somewhat higher than the SN 5 test

conditions. In summary_ the Mach 8 flight thermal fatigue conditions are

somewhat more moderate than those which occurred during the testing of SN 5.

The average wall temperature at the stagnation line would be approximately

1540°F_ which would produce a stress rupture life of IO00 hr due to the pres-

sure containment of coolant at 700 psi internal pressure. The required engine

design life of IO hr would correspond to a creep rupture damage fraction of
O.OI.

The differential temperature between the strut leading edge outside
stagnation line and the coolant outlet would be

_T : 2165°F - 710°F : [455°F

This would produce a thermal differential expansion of 0.0150 in./in._ and a

plastic strain range of 0.0106 in./in. Based upon 1540°F thermal fatigue data_

the predicted life would be N = 380 cycles without regard to creep. Account-

ing for the creep rupture life fraction damage of 0.0[_ the predicted life at
Mach 8 flight would be

N : 580 (I - 0.01) : 576 cycles.

8.1.5.5 Support Panel Heat Transfer

Heat transfer information was obtained from support panel heat transfer

test data during runs 16 through 25. For runs 19 through 24_ the coolant

was hydrogen at room temperature flowing concurrently with respect to the hot

gas. For run 25_ the coolant was hydrogen at room temperature counter-

current to the hot gas. The direction of coolant flow produces significantly
different heat transfer models. When the coolant flow is in the direction

of hot gas_ the wall temperature has a tendency to stabilize the boundary

layer and suppress flow separation. The test results indicate that the

separation zone caused by the strut leading edge shock wave is small--at the

most_ the separation zone extended to a distance of I in. off the centerline.

This conclusion is based on the fact that the wall temperatures vary slowly

with length. For run 25_ the panel coolant flowed counter-current to the

hot gas_ and the wall temperature upstream of the strut exceeded IO00°R. The

test results indicate that for run 25 the shock-induced boundary layer

separation extended farther than I in. off the strut centerline. The thermo-

couple temperature rises and falls in good agreement with the theoretical

value for flow separation and reattachment.
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Application of the above data on flow separation and reattachment to the

flight engine design must consider that there was no fuel injection upstream

of the strut during these tests. Fuel injection will cause considerable

disturbance in flow and_ in the event the flow becomes separated and reattached_

the subsequent flow will have a thinner boundary layer. In such a case_ the

flow separation zone in the vicinity of the strut will be small even though

the predicted wall temperature will be on the order of 150OUR.

8.1.5.6 Support Panel Flow Distribution

Thermal cycle tests of the full-scale SN 23 configuration No. 2_ strut

were performed using a configuration No. 3 top support panel and a configura-

tion No. 3 bottom support panel. Hydrogen and cold wall (structural) tempera-

tures were used to calculate coolant flow distribution in these panels. For

the configuration No. 3 top panel the hydrogen coolant mass flux in line with

the strut cutout is up to 2-times average. Coolant mass flux not in line with

the strut cutout is as low as 52 percent of panel average. This flow mal-

distribution created panel overheating near panel edges. The design objective

was a uniform coolant rate distribution across the 6-in. panel width. Coolant

flow distribution for the configuration No. 3 bottom panel is better than the

top panel. The maximum coolant mass flux was 1.25-times panel average and

occurred 0.4 in. from bottom panel centerline. The minimum coolant mass flux

was 80 percent of panel average and occurred near the panel edge. The coolant

maldistribution for both panels was traced from X-ray photographs to braze

alloy blockage in the finned passage and misalignment of the slot between fins
at the inlet.

8.1.5.7 Strut-Slot Heatin.q

The strut flange and support panels received high heating from the flow

of hot gas through the strut-support panel slot during performance and thermal

cycling tests of strut SN 6_ through cycle II. Configuration No. 2 top and

bottom support panels were used. Strut flange temperatures up to 1260°R were

measured. A slightly higher surface temperature of 1400°R was indicated by

the thermocouple in the support panel slot. The high slot heating is believed

to result from the O.OI- to O.025-in.-wide gap between the socket and the
side of the strut.

Hastelloy X doublers were brazed around the strut periphery adjacent to

each of the two support panels to reduce the slot width to a nominal 0.005 in.

This width appears to be a practical minimum for fabrication. Test results

for cycles 14 through 16 with doublers brazed on strut sides decreased the

strut flange temperature by approximately 150°F from test results with no

brazed doublers; i.e._ 1260°R.

8.1.6 Data Analysis and Discussion

One of the objectives of the tests was to determine the strut leading

edge heat transfer rates. Except for test runs 32 and 35 of strut SN 6_ for

which the surface temperatures were indicated by the melting of the solder
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strips_ no leading edge surface temperature was measured. Even with the

coolant heat loads available_ the heat transfer coefficient is not directly

calculable without the wall temperature. In order to determine the wall

temperature_ both the internal flow heat transfer coefficient and the experi-

mental heat loads must be utilized. Furthermore_ to calculate the external

heat transfer coefficient_ the external flow field about the strut must be

known. The flow field about the strut leading edge is complicated due to

shcck boundary layer interaction_ for a two-dimensional wedge is equal to

several boundary layer thicknesses_ depending on the magnitude of the peak

pressure. For a duct_ the oblique shock wave generated by the boundary-layer

thickening on one wall could cause the boundary layer flow on the opposite

wall to separate also. The result is a shock train several duct-diameters

long. This long separation flow model is confirmed by contaminants deposited

on the support panels. The complex flow field which defies analytical treat-

ment is a class of protuberance flow. The general treatment of protuberance

flow is to correlate the experimental data with the theoretical stagnation

line heat transfer value. (Reference 8. l-l). The strut experimental heat

flux of 2- to 3-times that of the theoretical value suggests other flow

phenomenon beside the protuberance flow. A possible major effect could be

the presence of relatively high level of freestream turbulence in the tunnel

due to upstream burning of hydrogen. The stream turbulence is known to have

a significant influence on the stagnation zone heat transfer because the

vorticity is magnified in a decelerating stream. This action carries the

high energy fluid close to the wall surface. Freestream turbulence between

4 and IO percent can produce a stagnation zone heating 2- or 3-times that of

the heat flux calculated by the theory of Fay-Riddel] (Reference 8.1-2 and

8.1-3). The increased strut heating_ therefore_ can be accounted for entirely

be the freestream turbulence effects. It appearsj then_ that the real

mechanism responsible for the protuberance heating is also caused by the

deceleration of the turbulent eddies within the boundary layer upstream of

the protuberance. The complex shock system upstream of the protuberance can

produce very high heating due to shock intersection and shock wave impinging.

This_ however_ does not contradict the test results_ since the area affected •

by shock impingement is very small and the overall heat load contributed by

shock impingement is insignificant. The significance in assuming that free-

stream turbulence is the major mechanism responsible for the heat flux

increase is two-fold. One is to permit the use of Lees' distribution with

confidence since the K-factor is nearly constant over the curved portion of

the leading edge. Another is to increase the reliability in applying the test

data for the flight engine design once the turbulence level in the flight

engine combustion chamber is known.

These test data are presented as the ratio of the average leading edge

heat flux to one-half of the theoretical stagnation line value which is

(A - Pr 0.6 kp--_T / P'T d'_" (HT-HW)

/
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whe re du- I [ (_/ 2g_PT-

dx RN V PT
and the subscript "T" designates

the total conditions behind the

bow shock.

The average leading edge heat flux is defined as the heat absorbed by

the leading edge coolant_ less the heat conductin_ and end effects_ divided
by the external surface area3 which is 0.00408 ftz.

8.1.7 Conclusions

The tests achieved the desired objectives. Specifically_ information was

obtained on the lower limits of strut thermal cycle life_ support panels flow

distribution and thermal cycle life_ and the thermal performance of the struts

and panels.

8.1.7.1 Creep Rupture and Low-Cycle FatiRue

8.1.7.1.1 Creep Rupture

Test work on plate_fin specimens with 20R-.004 offset fins demonstrated

a fin-strength efficiency of approximately 0.400. Since the above figure for

the struts of 0.570 makes no allowance for the creep effects at pressures

above 1500 psi_ the actual performance of the strut assemblies was somewhat

better than 0.370 and the results come into good agreement with the plate-fin

tests.

The elapsed time of I0 hr at 1050 psi_by itself_demonstrated compliance

with the design goal of a 1.5-safety factor on stress rupture. By using the

fin-strength factor of 0.570 and the Hastelloy X IO-hr rupture stress of

43_000 psi_ the estimated IO-hr pressure capability of the strut is:

p = (0.570) (45,000)/11.5 = 1585 psi

Hence the margin of safety above I050 psi is:

1585
M.S. - I = 0.52

1050

It is concluded that the strut is assuredly adequate for the containment

requ irement s.

A short term test of a strut at room temperature yielded a burst pressure
of 5500 psi. Rupture initiated in the fin gap at the inlet manifold. This is

again a completely satisfactory result for pressure containment.

8.1.7.1.2 Low-Cycle Fatigue

The test conditions on all three strut specimens3 SN 2_ configuration

No. 2; and SN 5 and SN 6_ configuration No. I> were more severe than those

that wil] be encountered during the SAM test program. The most informative

test sequence occurred with SN 53 where the test conditions were somewhat in

excess of the predicted Mach 8 flight conditions. The successful achievement
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of 102 test cycles without failure compares favorably with the predicted life

of 163 cycles for these conditions. More importantly_ since the Mach 8 flight

considerations should produce slightly lower thermal expansion and average

metal temperature at the stagnation line than the SN 5 conditions_ the SN 5

test is a good demonstration of strut adequacy for IO0 operating cycles and

I0 hr operating time. The configuration No. 3 top and bottom panels success-

fully completed I06 and 41 thermal cyc]es_ respectively. Both strut (finned

leading edge) and configuration No. 3 panel designs are considered adequate

for use in SAM and have been incorporated as tested.

8.1.7.2 Flow Distribution

Good flow distribution was achieved for the bottom panel configuration

No. 3. Mass flux variation was limited to +25 and -20 percent with respect

to the overall panel average. Without the manufacturing discrepancies that

were present in the test specimen_ the design flow distribution is expected.

Of the two strut sidewall cooling designs_ configuration No. 2 (Figure

8. I-I) performed well and was adopted for use in the engine. This design

split the trailing edge side. The ideal flow distribution is 55 percent to

the leading edge side and 45 percent to the trailing edge side. For the

selected design_ the predicted mis-match is 140°R at the coolant outlet

temperature which is a tolerable structural AT. The measured coolant pressure

drop was 30 percent less than the design allowable pressure drop.

8.1.7.3 Thermal Performance

The test results revealed that the leading edge cooling design of SN 6

configuration No. I strut to be inadequate_ primarily because the hot gas

heat transfer coefficient was 2- and 3-times higher than the normal theoretical

stagnation line value. Strut SN 2_ configuration No. 2_ which incorporated a

fin in the cooling passage_ showed reduced leading edge stagnation zone wall

temperature and was selected for the engine design. The expected peak strut

leading edge temperature for the M = 8_ 88_O00-ft condition is 2625°R_ without

a fin.

The test also revealed that the slot between the strut doubler and the

panel socket must be carefully controlled in order to reduce the strut flange

temperature and the panel socket temperature. For a gap size of 0.005 in._

the predicted peak socket metal temperature is 1570°R which is within the

limits of the design.

The thermal performance of the strut and panels could be satisfactorily

analyzed for the conditions of the tests. Calculation of leading edge heating

required (I) calculation of the stagnation line heat transfer with the

Fay-Riddell equation and application of Lees t theories over the curved portion

of the leading edge_ and (2) multiplication of the final results by a factor

(K)_ which varied from 1.5 to 3.6 in the tests. The factor (KI is considered

to be unique to the test facility used_ and in particular_ to the tunnel free-

stream turbulence as related to the air-oxygen supply turbulence and to the

burner characteristics. Knowledge of this factor is essential to estimation

of leading edge metal temperatures and_ hence_ low-cycle fatigue conditions.
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8.2 LEADING EDGE STRAIGHT SECTION

This section outlines the procedures and results of tests on Hypersonic

Research Engine (HRE) leading edge straight section test specimens to deter-

mine (I) thermal performance, (2) thermal cycling performance, and (3) coolant

flow distribution.

8.2.1 Purpose and Scope

In order to reduce drag and insure inlet starting over a wide range of

Mach numbers in the HRE_ a cowl leading edge radius of 0.030 in. was selected

as a practical minimum for cooling purposes. Larger radii are aerodynamically

marginal for low-Mach-number starting with the inlet configuration now being

used. Uncooled surfaces were rejected early in the leading edge design because

(I) radiation equilibrium temperatures are at or above the melting temperatures

of superalloys at'flight Mach numbers of 6 or greater, and (2) the problems

of thermal fatigue_ attachment to cooled-structure3 and oxidation resistance

for IO0-cycle and IO-hour design life would have made the use of refractory

materials unacceptably developmental. The hydrogen-cooled leading edge

selected for the design used O. OIS-in.-thick Nickel-200 or Hastelloy X tips.

The physical characteristics which control the structural and cooling

design of the cowl leading edge are closely related. Low cycle thermal fatigue

limits the maximum temperature difference between leading edge stagnation line

and adjacent structure. Creep-rupture strength limits maximum temperatures at

high coolant pressures needed to obtain adequate cooling. In turn_ high coolant

pressures are necessary because flow passages must be small to provide high

mass fluxes and/or small turning radii for high coolant heat transfer coeffi-

cients. The design of a leading edge that is compatible with these structural

cooling considerations was evaluated in a test program using two candidate

designs.

The objectives of the test program were threefold:

(a) To evaluate the thermal performance of two candidate leading edge

tip coolant configurations.

(b) To evaluate the low thermal cycle fatigue and creep rupture per-

formance of the two leading edge coolant configurations.

(c) To evaluate the coolant flow distribution with room temperature air

under isothermal conditions and with hydrogen coolant under heat
transfer conditions.

8.2.2 Description of Test Specimens

The leading edge straight section test specimens are directly applicable

to the flight engine axisymmetric outerbody leading edge. The use of a straight

section, instead of a compound-curved section_ greatly simpiifies the fabrica-

tion and testing. The two types of specimens used in the test program,

designated configuration No. I and configuration No. 2_ were previously shown
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in Figure 5.5-6. Both types have the same overall dimensions of an 8-in. spans

a 4-in._ chord and a 26-deg wedge angle. The 8-in. length is approximately

equal to I/7 of the outerbody circumference at the leading edge tip. The

features that distinguish the two types of specimens are described below.

8.2.2.1 Confiquration No. I

Configuration No. I test specimens had leading edge tip-coolant flows

perpendicular to the specimen stagnation line through a 154-deg turn. The

tip-coolant also provides coolant to the sides of the specimen. All face

sheets_ fins_ and structure are Hastelloy X. The tip_ which is fabricated

separately from the sides_ has 20 R-.020-.004 plain rectangular fins brazed

to the I/2-in.-length arrowhead piece_ and the O. OIS-in. V-shaped surface

sheet. The side subassemblies consist of 20R-.075-.I00(0)-0.006 rectangular
offset fins brazed between two O.OIS-in.-thick sheets. The sides are brazed

to the tip at the arrowhead piece and two outer skin joint covers. Coolant

enters and exits from the specimen side fins through manifolds located at the

base of the 26-deg wedge (see Figure 5.5-7). The manifolding was selected to

simulate the manifolding in the flight engine.

8.2.2.2 Confiquration No. 2

Configuration No. 2 test specimens had leading edge tip coolant flows

parallel to the stagnation line and separate from the sides coolant flow.

The construction details are similar to the configuration No. I specimen

except at the leading edge tip_ where the construction detail shown in

Figure 5.5-5 is used. All material is Hastelloy X except the tip outer sheet

where Nickel-200 is used. Coolant in specimen sides bypassed the leading edge

tip area by flowing through IO slots (0.035 x 0.70 in.) along the 8-in. speci-

men length just in back of the tip.

8.2.3 Test Setup

8.2.3.1 Hot Gas Heatinq Thermal Performance

Hot gas thermal performance testing was conducted in a wind tunnel

on two of the configuration No. I leading edge straight section test

specimens. The test setup was schematically shown previously in

Figure 5.5-8.

Subsonic air_ heated by a hydrogen/oxygen combustor to temperatures be-

tween 2500 o and 4000°F_ was flowed over the test unit at rates between 2 Ib/sec

and 6.5 Ib/sec. The test unit was cooled with gaseous hydrogen at inlet

temperatures between 200 ° and 520°F_ at inlet pressures between 400 psia and

700 psia_ and at flow rates between 0.02 Ib/sec and 0.12 Ib/sec.

8.2.3.2 Radiant Heatinq Thermal Performance and CycIinq

The radiant heating test setup is shown schematically in Figure 8.2-I.

The radiant heat source is a single-element quartz lamp and elliptical-

reflector combination which concentrates the 360-deg radiation about the lamp
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axis into a discrete focus 0.06- to O.09-in. wide over the axial length of the

lamp. The lamp was electrically controlled to maintain discrete power settings

up to 6.5 kw. The lamp assembly was water-cooled_ and the coolant _T_ flow

rate_ and input electrical power were measured.

The sides of the test specimen were protected by a water-cooled aluminum

fixture_ which leaves only the leading edge stagnation area exposed. Cooling

of the test specimens during test was accomplished with either ambient tempera-

ture air or water at 700 psia. The flow rates of the air and water were

adjusted to yield the desired temperature differences between the external

surfaces of the stagnation line and the internal structure.

The configuration No. 2 specimens were used for leading edge tip thermal

performance testing and then for thermal cycle testing in the radiant heating

test setup. The configuration No. [ specimens were used for thermal perform-

ance testing only. Water was used as the coolant during preliminary checkout

tests for configuration No. 2 specimens_ and air was used as the coolant for

both configurations thereafter.

8.2.3.3 Coolant Flow Distribution

Flow distribution tests were conducted on configuration No. I. Tests were

conducted using hydrogen coolant with heat transfer_ and also isothermal air.

Tests with hydrogen were conducted simultaneously with hot gas thermal per-

formance tests. The important features of both test setups relative to flow

distribution are measurement of total flow_ inlet and outlet pressures and

temperatures_ and inlet and outlet manifold pressure distributions. In the

isothermal air tests_ six pressure taps were used in each manifold; in the

hydrogen tests_ three pressure taps were used in each manifold. The significant

parameter of maximum-to-minimum flow ratio could be deduced from all sets of

data_ as the maximum and minimum manifold pressures were monitored continuously.

8.2.4 Test Procedures

8.2.4.1 Thermal Performance Tests

For configuration No. I_ the coolant fluid approaches perpendicular to the

leading edge and then makes a sharp I54-deg turn. The sharp turn at the tip

causes the flow to separate and makes knowledge of the effective flow uncertain.

Thus_ experimental evaluation of the stagnation region cooling design was

necessary. A configuration No. I specimen made of Hastelloy X was subjected

to a simulated flight-heating environment consisting of subsonic air_ heated

by a hydrogen/oxygen combustor_ flowing over the test section. The test

section was cooled with gaseous hydrogen. Hydrogen heat transfer coefficients

on the inside surface of the stagnation region_ and metal temperatures on the

sides of the test specimen were calculated from experimental measurements and

conditions. Configuration No. 2_ which has leading edge coolant flow parallel

to the stagnation line in a key-shaped passagej was subjected to a heating

environment consisting of a radiant heat source (single-element quartz lamp

and elliptical reflector) impinging on a discrete 0.06- to O.09-in. width

along the 8-in. length of the specimen stagnation line. The test section was
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cooled with room temperature inlet air. Air heat transfer coefficients on

the inside surface of the stagnation llne were calculated from experimental

measurements and conditions. Configuration No. 2 is also made of Hastelloy X

but has a O.Ol5-in.-thick Nickel-200 outer shell at the leading edge tip.

Although two stagnation-line cooling configurations were tested_ con-

figuration No. I had the greatest uncertainty in coolant heat transfer

coefficient prediction. For configuration No. 2_ with hydrogen flow parallel

to the leading edge in a tube of complex cross section_ the coolant heat

transfer coefficient could be predicted with greater confidence.

8.2.4.2 Thermal Cyclinq Tests

The same radiant heat source that was used for thermal performance tests

of the configuration No. 2 specimen was used for thermal cycling tests. With

air-cooling in both configurations_ radiant heat was applied to the leading

edge tip so that the leading edge temperature was increased from room tempera-

ture to between 1400 ° and 1800°F and back to room temperature in a 5-min cycle.

This cyclic heating pattern was continued until the specimens failed. Evalua-

tion was based on examination of photomacrographs and photomicrographs of the

crack locations.

8.2.4.3 Coolant Flow Distribution Tests

The inlet and outlet manifolding is similar to that on the flightweight

engine. Severa] static pressure taps were located along the inlet and outlet

manifolds of the 8-in.-long specimen. The ratio of the local core-flow rate

to the average core-flow rate along the length of the specimen was calculated

from the measured pressure data,

8.2.5 Test Results

8.2.5.1 Hot Gas Heatinq Thermal Performance Tests

From the hot gas data for configuration No. l_ the internal cooling co-

efficient at the leading edge tip in terms of Nusse]t number vs Reynolds

number was calculated3 based on stagnation line heat flux and the measured

stagnation surface temperatures. The conversion of thermocouple readings to

stagnation surface temperatures was based on a three-dimensional conduction

model in the vicinity of the thermocouple junction. The leading edge heat

flux was calculated by the theory of Reference 5.5-I with the velocity gradient

based on potential flow theory. Based on the data of Kestin (Reference 8.1-2)_

the heating coefficient was increased by I0 percent to account for turbulence.

The experimentally determined coolant heat transfer coefficients at the stagna-

tion line are equal to about four-times the heat transfer coefficient in the

adjacent plain-fin passage at the design Reynold number of 30_000_ as shown

in Figure 8.2-2. A value of 1.94-times the straight-pipe coefficient at a

Reynolds number of 30_000 was used for coolant analysis of the original flight

engine leading edge. This increase in coolant coefficient is in fair agree-

ment with the empirical relation of Reference 5.5-2 which predicts the heat

transfer coefficient for multiple jets impinging on the inner surface of

simulated turbine blade leading edges.
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8.2.5.2 Radiant Heatinq Thermal Performance Tests

On the radiant heating thermal performance tests_ conducted on configura-

tion No. 2 specimens_ the internal cooling coefficient in the leading edge

tip passage was calculated in terms of Stanton number vs Reynolds number

from a heat balance on the air in the leading edge passage_ and measured-

metal temperatures in the stagnation region. The radiant heat input was

assumed to occur in the I80-deg arc centered on the stagnation line. The

remainder of the coolant passage was assumed to act as a fin which rejected

heat to the air in the leading edge passage_ and to the water-cooled aluminum

test fixture. There was no airflow in the side fin passages just in back

of the parallel-flow leading edge passage. Good agreement in coolant heat

transfer was obtained between the average of the test data and the standard

pipe-flow relation for plain rectangular tubes3 when a suitable adjustment

is made for unsymmetrical heating as shown in Figure 8.2-3.

8.2.5.3 Thermal Cyclinq Tests

Radiant heating thermal cycling tests conducted on configuration No. I

specimens using room temperature inlet air coolant in the sides and perpendicular-

flow leading edge tip passage; those conducted on configuration No. 2 speci-

mens used room temperature inlet air coolant in the parallel-flow leading

edge tip passage only. Radiant heat was applied to the leading edge tip so

that the tip temperature was increased from room temperature to between 1400 °

and 1800°F and back to room temperature in a 5-min cycle. This cyclic heating

pattern was continued until the specimens failed. Evaluation was based on

examination of photomacrographs and photomicrographs of the crack locations.

Configuration No. I specimens (Hastelloy X tip) failed at IlO and 200 cycles.

Configuration No. 2 specimens (Nickel-200 tip) failed in the range of 40 to

260 cycles. Failure was defined as a large increase in pressure decay from

an initial pressure of 700 psia during a I-min period with the test unit iso-

lated from the rest of the system.

8.2.5.3. I Test Data

Thermal cycle test data is illustrated in Figure 8.2-4 where typical

thermal cycles for two Hastelloy X units (SN's 4 and 5)7 and three Nickel-200

units (SN's I_ 2, and 5) are shown. The plotted cycle for Hastelloy X units

SN 4 and SN 5_ and also for the nickel unit SN I was just before failure as

noted. Failure was defined as a large increase in pressure decay from an

initial pressure of 700 psia during a l-min period. The range of maximum

temperatures during all cycles3 and the average maximum temperature during

all cycles is noted for each unit. Generally_ the cracks occurred at the

location of a thermocouple where heat input was maximum and where a local

strain concentration occurs. In the Nickel-200 units SN I and SN 5_ this

was not the case. The crack in SN I occurred in a hotter zone about one inch

away from the thermocouple plotted. The dashed line indicates the average
maximum at this crack of about 1630°F. Nickel-200 unit $N 5 survived

260 cycles_ and the maximum temperature for various groups of cycles is listed

in Figure 8.2-4 (the test was terminated after 280 cycles).
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The two Hastelloy X specimens were thermally cycled to approximately

16000 to 1700°F maximum metal temperatures. Because the Hastelloy X creep

strength is quite high at this temperature_ cumulative creep strain was a

relatively small cause of cracking_ and low-cycle fatigue due to plastic

cycling was substantially the reason for failure. Specimen SN 5 was sectioned

for metallurgical investigation after the testing. The failure crack was at

the very tip of the leading edge_ parallel to the coolant flow direction_ and

an excellent example of low cycle fatigue failure. The failure crack was

transgranular rather than intergranular as in the Nickel-200 specimens_

further evidence that the failure was due to plastic cycling.

The three Nickel-200 specimens were closely studred after the tests were

concluded. Specimen SN 2 was tested first_ and this unit was subjected to

extensive creep damage as a result of test cycles up to 1800°F with 700 psi

coolant pressure. This specimen developed a bulged region extending from

the tip back to the brazed joint between the Nickel-200 tip and Hastel]oy X

basic structure. The brazed joint was separated slightly due to incomplete

brazing and apparently opened up_ but did not crack. Cracks in the Nickel-200

tip were intergranular_ typical for failure at hrgh temperatures where grain

boundaries are weaker than grains. The Nickel-200 grain size was large

(about O.OIO-in. grains) due to brazing at 2150°F.

The second Nickel-200 specimen to be tested was SN 5. Thermal cycling

tests to a nominal 1400°F maximum tip temperature and 700 psig pressure

produced failure after 260 to 270 cycles and in approximQtely 8-I/2 hr

cumulative creep time. Almost all of the cracks that were de_eloped were of the

creep-type appearance on the side of the tip.

The third and last Nickel-200 specimen to be tested was SN I. After

approximately 40 thermal cycles_ several leaks developed in two areas on the

tip. Both cracks appeared to be basically due to creep. This unit had been

subjected to 1435 ° to 1450°F for IS min at 700 psig for thermocouple calibra-

tion testing. This may have been a factor leading to failure in fewer thermal

test cycles than for SN 5 (40 cycles vs 260 cycles) at similar test conditions.

Scatter in Nickel-200 material properties at this test temperature also could

have accounted for the significant difference in cycles-to-failure.

8.2.5.3.2 Stress Analysis Summary

The data reduction for the three configuration No. 2 Nickel-200 test

specimens required the utilization of fatigue test results on solid nickel

bars and plate-fin test bars that have been performed during the course of

this program. The test results of the two configuration No. I Hastelloy X

leading edge test units were analyzed by employing test data from a low-cycle
fatigue experimental program carried out under NASA Contract No. NASI-5002.

Table 8.2-I illustrates the data reduction used to calculate damage fractions.

For the three configuration No. 2 Nickel-200 specimens, the coolant flow

passes through the leading edge only and is parallel to the leading edge.

Coolant does not flow through the portion of the test piece away from the

leading edge_ but this region is shielded from heating by an external, water-

cooled shroud. The bulk of the structure, therefore_ essentially remains at
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(a)

TABLE 8.2-1

CONFIGURATION NO. 2_ SN 5 DATA REDUCTION

THERMAL CONDITIONS

Cycle

No.

0-10

I1-100

101-160

161-200

201-260

Total No.

of Tes t

Cyc I es

I0

90

60

40

6O

Highest Cycle
Temp, of

Lowest Cycle

Temps OF

1370

1250

1450

1400

1630

300

30O

300

300

300

Test Cycle

AT, OF

1070

950

I150

II00

1330

(b) CREEP AND FATIGUE DAMAGE SUMMARY

Cycle
No.

0-I0

II-I00

I01-I00

161-200

201-260

Estimated Creep

Life at Highest

Temps hr

800

>I000

175

500

5

Thermal

Expansion

Range s _6T

0.0097

0.0085

0.0105

0.0100

0.0126

Plastic

Strain

Range_ cp

0.0090

0.0078

0.0096

0,0092

0.0116

Low Cycle

Fatigue
Life

800

I000

70O

750

567

Fatigue

Damage
Fraction

0.0125

0.0900

0.0860

0.0530

0.1058

Creep

Damage
Fraction

O. O00a

0.0

0.114

0.015

0.400

TOTAL LIFE FRACTION DAMAGE 0.547 0.527

FATIGUE _ CREEP - 0.87
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room temperature during the course of the test. As a result_ the locally heated

stagnation area of the leading edge test piece will be fully constrained from

free thermal expansion. The fact that heavy end-plates are employed in the test

piece further restricts the heated leading edge from free expansion.

The two configuration No. I Hastelloy X test pieces utilize a coolant-flow

direction perpendicular to the leading edge stagnation line. The coolant is

introduced along one lengthwise edge at the rear of the test unit and exhausts

along the other lengthwise edge. The major part of the test piece away from

the stagnation line area will be at an average temperature between the coolant

inlet and outlet temperatures. Similar to the configuration No. 2 nickel lead-

ing edge test specimens_ this bulk of material does not change in temperature

appreciably during the thern_l cycling and it will prevent any free thermal

expansion of the heated stagnation area.

8.2.S.3.2.1 Hastelloy X Results

First Test_ SN S--This unit survived I00 cycles of thermal fatigue testing_

with estimated maximum cycle temperatures ranging from 1620 ° to 1717°F

and an average maximum of 1670°F. With an average cooling air temperature

of 200_F_ the average value of thermal expansion cyclic range was an

_T of 0.0140 in./in. Based on tile tests of solid Hastelloy X test

specimens_ the fatigue life with this applied total strain range was

estimated as 190 cycles.

The test pressure of 700 psi caused a containment stress of approximately

IO00 psi. Based upon a Hastelloy X stress rupture life at this tempera-

ture of well in excess of IO00 hr_ the creep damage fraction was not of

any consequence. The test panel work was performed on Hastelloy X bars

in the as-received condition. The material in the leading edge test

piece had been exposed to brazing temperature and alloying. These

effects could well have accounted for the reduced test life as compared

to the computed life.

Second Test_ SN 4--This unit was subjected to a total of 200 thermal

fatigue cycles_ with a maximum cycle temperature ranging from 1541 ° to
1652VF_ and an average maximum value of approximately 1600°F. As in

SN 5_ the effects of creep damage were negligible. The lowered maximum

temperature would have led to a computed life of 200 cycles_ or a figure

that is in excellent agreement with the previous solid-bar fatigue test

work.

8.2.5.3.2.2 Nickel-200 Results

First Test_ SN 2--This unit was cooled with ambient air at 700 psia

pressure in order to approximate operating pressures_ and therefore_

actual containment conditions. The flow rate was adjusted to produce

the desired test temperature differences between the most highly heated

metal area at the stagnation line and the remainder of the total

structure. Prior to the initiation of the thermal-cycling sequence_

--_ AIRESEARCH MANUFACTURING COMPANYLO_An_e_e$ C,iI_fam,8
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the unit was subjected to a number of performance cycles. Since these

cycles contributed to both thermal fatigue and creep rupture damage of
the test piece_ this data has been included in the test data reduction

of life performance. A total of 25 such cycles occurred.

Of the 25 performance runs carried out, peak stagnation line temperatures
ranged from 2500 to 1820°F and cyclic _T's ranged from 1300 to 1610°F.

The test unit was held at these temperatures for I0 min during each cycle.
During seven cycles_ the maximum metal temperature was less than IO00VF

and the _T's were less than 770°F. The cumulative creep and low cycle
fatigue damage fractions were found to be negligible for these cycles.

Of the remaining 18 cycles_ the maximum meta] temperature fell within

the range from 1480 ° to 1630°F_ with _T's ranging from 1260 ° to 1410°F

in 13 of the cycles. The estimated creep damage fraction for these

13 cycles was less than 0.200_ while the cyclic fatigue damage fraction

was less than 0.025. In the remaining five cycles_ the peak temperatures

were 1675°F_ 1690°F_ 1710°F_ 1785°F_ and 1825VF respectively. The _T's

ranged from 1450 ° to 1610°F. The low-cycle fatigue damage fraction was

less than 0.010 for these five cycles_ but the creep damage fraction was

approximately 0.895. The cumulative sum of the damages from these 25
test cycles was actually in excess of I.O_ which means that the test

unit failure was largely attributed to this sequence of tests with the

bulk of the damage being due to creep effects.

Following the performance runs_ ten additional checkout cycles were

imposed upon the test unit of approximately two minutes duration_ each

with a maximum metal temperature of 1550°F and a cyclic AT of 1330°F.

The combined creep and cycle fatigue damage fraction was computed to be

approximately 0.06 for these cycles.

Finally_ the unit was subjected to a total of 40 rapid thermal fatigue
cycles. The maximum metal temperature in these cycles was 15500 to
1600°F and the test time at peak temperature was one minute. Actual

unit failure at the time of increased leakage occurred after 20 cycles.

The accumulated creep damage fraction was 0.042 and the low cycle fatigue

damage fraction was 0.035 for these 20 cycles, Hence> these cycles
contributed a damage fraction of less than 0.080 towards the failure
life of the test unit.

The high metal temperatures during the performance runs were responsible

for the relatively short cycle life of the test unit. Once creep was

taken into account_ as indicated above_ the correlation between life of

the leading edge unit and the analysis results cited are in good
agreement.

Second Test_ SN 5--The cycles run and the details of the low cycle fatigue
and creep calculations are displayed in Table 8.2-I. The test had no
unusual features.

Th.ird Test T SN I--Data analysis for this unit directly follows that for
the SN 5 unit, except for the lower life.
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8.2.5.4 Coolant Flow Distribution Tests

Flow dTstrlbution tests were conducted on two configuration No. I speci-

mens using isothermal air and hydrogen with heat transfer. Extrapolation of
test results to full-scale leading edge geometry and hydrogen conditions

indicated an acceptable range of maximum-to-minimum flow ratio of 1.01 to 1.03.

The test results are summarized in Figure 8.2-5 for air in SN 4 and SN 5_

and hydrogen in SN 4. The flow will be uniform (max W/min W = I) for core 6P/

overall 6P = I.O and inlet manifold 6P/core 6P = O. The air data for SN's 4

and 5 are in good agreement, showing repeatable test unit geometry and use of

the test setup. The three hydrogen data points for SN 4 are averages of five

points each. The data scatter was large because three local hydrogen pressures

were measured separately in each manifold whereas_ for air tests_ the difference

between one reference manifold pressure and the other five were measured in

each manifold. Good agreement (as expected) was obtained between hydrogen

and air tests because the tests are all in the Reynolds number regime above

1400_ based on the 20R-0.075.100-0.004 Hastel]oy X fin hydraulic radius of

0.01396 in. and most of the pressure drop is due to turns and area changes.

8.2.6 Conclusions

Two leading edge straight section configurations were designed and tested

to determine the feasibility for flight engine leading edge cooling_ coolant

flow distribution_ and low-cycle thermal fatigue and creep rupture performance.

Based on test results_ the following conclusions were drawn.

8.2.6.1 Thermal Performance

The cooling coefficient for coolant flow perpendicular to leading edge

stagnation line (configuration No. I) is 3.9-times that for a straight duct

at the Mach 8 local design Reynolds number of 30_000. This is twice the value

of 1.94-times the straight-duct coefficient at a Reynolds number of 30_000

used for the original flight engine leading edge cooling analysis.

The cooling coefficient for coolant flow parallel to the leading edge

stagnation line (configuration No. 2) is in reasonable agreement with pre-

dicted coefficients for plain rectangular tubes when a suitable adjustment

is made for unsymmetrical heating.

8.2.6.2 Thermal Cyclinq

Once the creep effects of high temperature are distinguished in Nickel-200

tests_ it is evident that even for the same &T magnitude3 the fatigue life of

Nickel-200 is better than that obtainable with Hastelloy X for this leading

edge application. For the Nickel-200 configuration_ the Mach 8 operating

conditions would lead to the following temperatures:

Temp at L.E. Stagnation Line = 1620°R (l160°F)

Coolant Temp = 160°R (-300°F)

_6T = 0.01160
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Thermal fatigue failure_ based upon the Nickel-200 data_ would occur

after approximately 690 cycles of operation. Creep effects would have a

moderate influence on total life. Containment of 700 psi coolant at II60°F

would cause creep rupture of the leading edge in 60 hr. By using the total

damage fraction analysis_ the creep life fraction of IO hr of sustained

usage would exhaust a damage fraction of 0.167_ leaving a life fraction of

0.833 for low-cycle fatigue. This would produce a reduction from 690 to

575 cycles.

This prediction is consistent with the test results for SN 5_ which

indicated a cycle life in excess of 550 cycles for similar _T's_ but higher

temperatures and somewhat longer time exposure to containment (18 hr). Also_

it can be concluded that the Hastelloy X unit showed a lower cycle life

(IlO to 200 cycles)_ and the Nickel-200 is the better design choice for this

application in terms of low-cycle fatigue life.

8.2.6.3 Coolant Flow Distribution

The conclusion of flow distribution tests performed on configuration

No. I leading edge straight sections are:

(a) The flow is always highest at the end of the core farthest from

the inlet because the inlet manifold static pressure increases

with distance from the inlet port_ and the outlet manifold static

pressure is almost uniform.

(b) Hydrogen and air data_ as well as data for different units of the

same geometry_ are in good agreement.

(c) Extrapolation of test results to full-scale leading edge geometry

and hydrogen-conditions indicates an acceptable range of maximum-
to-minimum flow ratio of about I.OI to 1.03

8.3 FLAT PANELS

Flat panels were used to evaluate the effects of braze alloy foil thick-

ness_ brazing cycle time_ and fin material thickness on the structural strength

of the cooled structure. Their use permitted close control of all variables

in order to accurately evaluate specific variables affecting the strength of
the cooled structure.

The design of the panels was modified slightly to adapt them to the

specific types of tests performed. The sections below describe the specimens_

various tests performed_ and conclusions drawn from them.

8.3.1 Burst and Stress Rupture

8.3.1.1 Specimens

The detail parts for a typical flat panel specimen for burst or creep

rupture testing are shown _n Figure 8.3-I. This 2 in. by 3 in. panei_ with

_ AIRESEARCH MANUFACTURING COMPANY
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Figure 8.3-1. Detail Components of Basic Static Test Flat Panel

59986-1

Figure 8.3-2. Basic Flat Panel Configuration

F-15281

_ AIRESEARCH MANUFACTURING COMPANY UNCLASSIFIED
_o$ lnleltl, Clll_olnli

72-8237

Page 8-.36



UNCLASSIFIED

if -_ \ a series of various fin configurations_ braze alloy thicknesses_ and face

sheet materials was fabricated to produce specimens as shown by Figure 8.3-2.

Modifications of this panel incorporating local inserts to simulate pressure

taps_ thermocouples; and fuel injectors were fabricated to look like Figure

8.5-5. In addition, a modification of the panel, illustrated by Figure 8.5-4_

was fabricated to permit evaluation of the continuous fin gap required under
exhaust manifolds.

The manufacturing sequence was the same for all panels_ first brazing the

assembly of face sheets, headers and fins with Palniro 4 or Palniro I_ followed

by a proof-pressure test; then machining the assembly to accommodate addition

of inserts or special manifolds_ and brazing of these with a lower melting

point alloy, Palniro 7 or Palniro I.

8.3.1.2 Test Setup and Procedure

Test panels were instrumented to measure panel temperature and pressure

and installed in one of the Marshall muffle furnaces shown in Figure 8.5-5

for elevated temperature burst tests_ or in a water tank for ambient tempera-

ture tests. Pressure was applied and slowly and continuously increased until

failure by rupture or deformation occurred.

Panel instrumentation and test setup for the creep rupture tests were the

same as used for the short term burst elevated temperature tests. Test panels

were installed in the furnace_ the temperature was then raised to bring the

test specimen to specified temperature in approximately one-half hour, speci-

fied pressure was then applied, and both temperature and pressure held at

specified values until failure occurred.

8.3.1.3 Test Results - Basic Panels

The following variables were evaluated during the flat panel burst and

creep rupture program.

Braze alloy thickness - 0.0005_ 0.001, and 0.0013 in.

Fin thickness - 0.001, 0.004, and 0.006 in.

Time at brazing temperature - 5, I0_ and 20 min.

Table 8.5-1 summarizes the significant test conditions_ and the calculated

average fin efficiency factor exhibited during the tests. This factor is the

ratio of the stress in the fins (burst or rupture pressure divided by the unit

fin cross-section area) and the published ultimate tensile stress or rupture

stress corresponding to the time and temperature of the test.

The results indicate that a frn efficiency factor of 0.55 on creep

rupture strength and 0.50 on short-time ultimate strength is reasonable for

the Hastelloy X fins.
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Figure 8.3-3. Static Test Local Joint Flat Panel

6OqlO

S-72545

F- 152 82'

Figure 8.3-/_. Coolant Exhaust Continuous-Gap Flat Pane]
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59992

Figure 8.3-5. Regenerative-Cooled Panels High Temperature

Test Facility
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I, Burst Tests

TABLE 8.3-1

HRE FLAT PANELS TEST SUMMARY

Fin Configuration

54R-.025-.050-.002

20R-.075-.100-.004

16R-.155-.100-.006

*28R-.050-.100-.006

Braze Cond. Burst

Alloy Time at Test Pressure No.
Thickness, Temp, Temp, l Range, of

in. min. OF psig Tests

0.001 5 1500 3250-5650 2

0.001 20 1500 2125 I

0.0005 20 1500 1400 I

0.0005 5 1500 2475-2575 2

0.001 5 1600 2375-2680 2

0.001 20 1600 1675-2075 2

0.001 5 1600 2125 I

0.001 5 RT 7500-7400 2

0.001 5 1200 5600-5750 5

0.001 20 1600 1610-1700 5

0.001 I0 1600 1675-1 575 5

0.0013 5 RT 1800-2200 2

Fin Efficiency
Factor

0.91

0.56

6.37

O. 68

O. 80

0.59

O. 55

0.61

0.41

0.63

0.59

0.087

II. Creep Rupture Tests

Fln Configuration

34R-. 025-. 050-. 002

20R-.075-. 100-. 004

16R-. 153-. 100-.006

2OR-. 050-. 100-. 006

28R-. 050-. 100-. 006

"28R-. 050-. 100-. 006

Braze

Alloy
Thickness,

In.

0.001

0.0005

0.001

0.001

0.001

0.001

0.0015

0.0013

0.0013

Cond,

Time at

Temp,
min.

5

5

5

20

2O

I0

5

5

5

eNickel-200 Face Sheets

Test

Temp,
o F

1500

1500

1600

1600

16O0

16O0

1600

t 6OO

1500

Creep Rupture

Pressure

Range, Time Range

psi hr:mln

750- 850

700- 750

650- 780

500- 600

550- 700

550- 700

700- 800

950- I 050

1000

4:41 - 6:24

10:36 - 6:46

5:14 - 3:21

2:46 - 4:26

10:46 - I:00
epprox

I0:00 - 5:17

17:12 - 14:06

18:0 - 10:42

12:0 0:18

NO.

of

iTests

2

2

5

5

3

4

5

3

4

Fin Efficiency

Factor

0.47

0.46

0.45

0.36

O. 34

0.35

0.42

0.37

0.20

S- 725Z0
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I\
8.3.1.4 Test Results - Local Joint Flat Panels

Seven local joint fiat panel specimens were tested. Four of the assem-

b]ies contained O.O02-in.-thick fins and three were fabricated with O.O04-in.-

thick fins. A]] of the units incorporated eight inserts representing four
different diameters and geometric configurations. (Ref. Figure 8.3-3.)

Table 8.3-2 lists the details of the test specimens3 conditions and

results inc]uding fin-efficiency factor, Except for I repaired unit that

fai]ed at the insert-plate braze joint_ all the specimens failed through the

fins_ away from the insert joints at pressures reflecting fin efficiency
factors well in excess of the established design criteria,

8.3.1.5 Test Results - Continuous Fin Gap Flat Panel

Two specimens fabricated as shown by Figure 8.3-4 with a gap between the

20R-.I00-.050-.006 fins of 0.055 in. were creep-rupture tested. Conditions
and results are tabulated below.

Temperature_ Pressure_ Time to Rupture

Unit OF psiq hr

I 1600 650 5.66

2 1550 600 25.25

Post-test observation indicated that both specimens failed in the fin-joint

areas_ parting at the braze joints rather than through the fins.

The above data reduces to provide an allowable pressure at the operating

design conditions of 540 psi which provides a margin of safety of 0.23 for

the design.

8.3.2 Pressure Cycle and Axial Loadin_

The configuration at the nozzle-inner shell joint represents unique

structural loadings. Consequently_ a special flat-panel-type test specimen

was fabricated to simulate this portion of the structure and was tested under

cyclic pressure loads as well as axial tension.

8.3.2.1 Specimen

The details involved in the assembly are illustrated in Figure 8.3-6a

and the completed subassemblies are shown in Figure 8.3-6b. The manifold
sections were joined by TIG welding_ the fins were brazed to the face sheets

with Palniro 4 braze alloy_ and the final assembly braze operations were

performed using Palniro I braze alloy.
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a. DETAIL COMPONENTS
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b. PANELS, UNASSEMBLED

Figure 8.3-6. Inner Shell-Nozzle Joint Flat Panels
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8.3.2.2 Test

Two tests were performed on the assembly. The first_ performed on two
specimens_ was a cyclic pressure test to failure_ the second performed on a

thin portion cut from the original_ was an axial pull test.

The setup for the pressure cycle test consisted of a dual cylinder_

pressure cycle rig. The dual cylinder was connected to timers_ solenoid

valves_ and pressure regulators arranged to provide cycling of pressure at
controlled rates and values. A cycle of 6-sec total duration_ consisting of

a l-sec dwell at maximum and minimum pressure was used for the test. During

the course of testing_ constant surveillance was maintained for signs of

change in the specimen.

The results of the internal pressure test for the two test specimens_

indicate a pressure capability of the nozzle-to-inner body detachable joint

of about 3600 psig for IOOO cycles as compared to a desired design value of

IO00 cycles at the I050-psig proof pressure for actual hardware.

The pressure cycle test was conducted on an accelerated fatigue testing

basis. Testing was performed by cycling from zero to a maximum internal

pressure_ Pmax _ and back to zero_ with Pmax increased in 2_percent increments

until rupture occurred. The factor of 1.25 was selected based on the desire

to increase specimen damage (or reduce life) by a factor of IO for each

incremental pressure level increase.

Testing of the first specimen indicated that its strength was higher than

expected. IO00 cycles were conducted at 3180 psig rather than the intended

IOO cycles performed on the preceding levels above I050 psig. After completing

IO00 cycles to 3180 psig_ the specimen ruptured after 88 cycles at 4000 psig.

Biased on the results of the first specimen_ the initial pressure for the

second specimen was increased to 2050 psig. The specimen survived this_ plus

IO0 cycles at 2560 psig_ IO0 cycles at 3200 psig and finally 716 cycles at

4000 psig before failure.

The second test_ an axial pull test_ was conducted to determine the braze

strength at the joint of the sandwich structure with the collector ring. The

direction of applied load is shown in Figure 8.3-7a_ and the critical joint is

at (C). The load path along the sandwich through the rings and bolts and

back to the sandwich on the opposite side was intended to cause a bending

moment at (CI that would tend to separate the collector and sandwich. Applica-

tion of the load as shown in the figure does not produce the desired moment

at (C) because of a counter moment produced by bearing of the manifolds at

(B). The specimen_ therefore_ was tested in the configuration shown in

Figure 8.3-7b. A single specimen was loaded in the manner shown_ and yielding

of the sandwich panel occurred. The braze joint between the sandwich and the

manifold cracked on one-half of the specimen but did not separate. Figure

8.3-7c shows a photo of the specimen after testing.
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&T _ 4500
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,1

AXIAL

i,'Ilr',n _, __ LOAD (TYP.)

AXIS A-S2_SB

I

a. CROSS SECTION OF TEST SPECIMEN

_I /BOLT AXIS

A-32159

b. REVISED LOAD SCHEME

c. TEST SPECIMEN AFTER PULL TEST
F-15277

\. Figure 8.3-7. Flat Plate Collector Manifold Pull Test
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8.3.2.3 Conclusions

The following conclusions were drawn from the test results and data:

I . An infinite cycle life is predicted for the actual hardware at the

1050-psig proof pressure assuming only internal pressure is applied.

A lO00-cycle life can be expected for an internal pressure of

3600 psig.

. The ring-to-plate fin sandwich joint strength exceeds the plate-fin

sandwich strength is bending. The internal pressure tests indicate

that the joint area is conservatively designed for this loading.

In the actual appIication_ additional loads due to inertia_and thermal

and nozzle blow-off loads may be superimposed in the internal pres-

sure loading. The additional loads are generally small compared to

the internal pressure requirements_ and some reduction in ring

thickness is considered to be possible.

3. Metallic "K" seal performance during the tests was satisfactory.

8.3.3 Thermal Fatiflue

The main objective of the flat panel thermal fatigue tests was to obtain

low-cycle fatigue performance of the plate-fin structures under cyclic thermal

differential loadings. This data supplemented results obtained from mechanical

bending tests of plate-fin structures_ Reference 8.3-I. Manufacturing techni-

ques_ particularly pertaining to joining techniques_ were also verified.

8.3.3.1 Test Specimens

The test specimens illustrated in Figure 8.3-8a were of three-layer plate-

fin sandwich construction from Hastelloy X. The lower two layers were 0.060

in. thick_ and they were separated by O.075-in.-high rectangular offset fins.

The top layer was 0.015 in. thick and it was spaced from the middle plate by

O.075-in.-high rectangular offset fins.

The top layer of fins was enclosed by header bars along all four edges_ and

it was pressurized by a feeder tube during the tests. Header bars were used

along both lengthwise edges of the bottom layer of fins_ and cylindrical mani-

folds were attached at each end. The specimen configuration with the thermo-

couple wiring and terminal boards is illustrated in Figure 8.3-8a. The detail

components for the specimens are shown in Figure 8.3-8b. Fabrication was per-

formed using two braze cycles and by employing conventional shop techniques.

In the first cycle_ using Palniro 4 filler alloy (2170°F braze temperature)_

the three plates_ the two layers of fins_ and all of the header bars were

joined. The second braze cycle used Palniro I filler alloy (2070°F braze

temperature)_ and the cylindrical manifolds were attached in this operation.

A total of twelve specimens were tested. Particulars and remarks pertaining

to the specimens are presented in Table 8.3-3.

8.3.3.2 Test Setup

The test setup is shown in Figure 8.3-9. It included (I) a quartz lamp

heat source to heat the top surface_ (2) an argon gas supply to pressure the
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/

a. SPECIMEN CONFIGURATION WITH THERMOCOUPLE

WIRING AND THERMAL BOARD

6078G- I

0

II

b. DETAIL COMPONENTS OF THERMAL FATIGUE PANEL

60867-!

F-15275

Figure 8.5-8. Flat Panel Thermal Fatigue Test Specimen
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top layer of fins, (3) a heated nitrogen supply for regulated flow through

the structural fin layer, (4) controls, and (5) recording instrumentation to

collect the test data. During the initial tests_ the proper argon pressure

level for the top fin ]ayer was determined_as were the nitrogen flow rates
for the structural fins. The quartz lamp power settings and cycle timing

were also established to obtain different temperature levels in the three

layers of the test specimens.

The first six test specimens were used to determine the various setup

conditions. The cycles-to-fail in these first six tests were widely scattered_

and it was concluded that the braze alloy thickness had to be increased from

O.OOI in. to 0.0013 in. to obtain more reliable braze joints. Consistent and

valid results were obtained with the last six specimens.

8.3.3.3 Test Data Reduction and Results

The early test runs were used to calibrate the various thermcouple read-

ings to monitor metal temperatures. It was necessary to consider the metal

temperatures in all three layers to evaluate plastic strain in the top surface.

An elastic-plastic analysis of the three-layered structure was performed
to determine, first, the total strain, and second, the plastic strain per

cycle in the upper surface. The total strain was applied biaxially. If the

loading were uniaxial, the plastic strain amplitude would be computed as
follows:

ChC
=¢

p total E Eh
C

For these tests_ the heated surface alternated between 1500°F and 475°F.

The Rambeg-Osgood expressions for stress versus plastic strain at these

temperatures are:

0.215
at 475°F_ _ = 177,000 ¢

P

0.115
at 1500°F, o = 52,500 ¢

P

These expressions were used to generate the stress-strain curves. For each

specific value of ¢p3 the elastic strain comPonents at the hot and cold

temperatures were computed, and a plot of Cp versus Ctotal was generated.

For equi-biaxial loading_ the expressions were modified to account for

the biaxial deformations and constraints. This was accomplished by using

the elastic and plastic multiaxial stress-strain relationships and by apply-

ing the expressions given above for uniaxial stress vs strain. A curve for

effective plastic strain vs total strain range was obtained.
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A typical plate-fin cross section is shown below.

(

bfin-tfi n _f'_-_"

_L

plate

'_ bfin+tfin

For this structure the ratio of total span to unreinforced span is:

2 bfi n
K =

bfi n - tfi n

With 20 fins/in, and a fin thickness of 0.004 in._ the value for K is 2.18.

Since braze filleting further reduced the unsupported span_ a plasticity

concentration factor of 2.5 was used for fatigue analysis. Strain concentra-

tion for the lengthwise deformations was assumed to also be 2.5. Cycles-to-

failure was computed from the low-cycle fatigue formula

The ductility coefficient based upon RA of 20 percent is C = 0.25.

Using this numerical value of C and 2.5 for K_ the fatigue formula became

The thermal cycle test results for specimens 9_ I0_ 12_ 13_ 14_ and 15

are given on Table 8.3-4. The table shows the metal temperatures in all three

plate layers_ the test cycles applied to produce failure_ the applied thermal

differential expansion range plastic strain per cycle_ calculated life frac-

tion_ and comparable engine AT.
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As a last step in data correlation the total plastic strain range was
computed as a function of _T for the HRE shell structure. This is a two-

layered sandwich construction_ in contrast with the three-layered test

specimen configuration. The thermal expansion difference due to the _T

between the engine hot surface and the cooler structural layer was computed_

and from this the constrained thermal expansion applied to the hot surface

was calculated. It is this quantity that is related to the constrained thermal

expansion in the test specimens. The test results were then plotted as

cycles-to-fail versus engine AT in Figure 8.3-I0. It can be noted that there

are e_ght data points as compared to six specimen tests. The two-level tests

performed on SN 9 and SN 13 provided the two extra points. The data points

shown in Figure 8.3-I0 were obtained by multiplying the computed cycles-to-

failure for each test point by the life fraction for each test and plotting

these results against engine AT. Note that for a single-level test_ this is

identical to plotting actual test cycles-to-failure versus comparable engine

_To A single curve is shown which is a plot of calculated life versus engine

AT. This plot shows tilat for AT = 800°F_ the calculated engine life is 136
cycles.

8.3.3.4 Conclusions

The tests show that the fatigue performance of the engine hot sheet is

approximately the same for the three different specimen types that were tested.

It is concluded that Palniro 4 and Palniro I are both acceptable braze alloys.

Engine structures with sizeable fin gaps_ as will occur where there are manifolds_
can be reinforced by the use of local doubler strips with no measurable loss

in thermal fatigue performance.

From Figure 8.3-I0_ it can be seen that except for a single test point_

tile line for cyc]es-to-faiI versus engine &T is at or below the test results.

This line is_ therefore_ representative of HRE anticipated performance. It

shows an engine life of 136 cycles for an 800°F &T_ or conversely_ a &T capa-
bility of 875°F for a lO0-cycle life.

8.3.4 Flow Distribution

The objective of these tests was to obtain a qualitative indication of how

panel temperature is affected by local flow interruptions caused by various

diameter and cross-section geometry of inserts.

8.3.4.1 Specimens

Three types of flat panel test specimens were used; one_ incorporating an

uninterrupted flow path_ used to confirm uniform flow distribution through the

panels_ and the other two incorporating various inserts in the stream. Figure

8.3-11a shows the typical details common to the three specimens. These were

assembled_ brazed_ and welded together to form a configuration as shown by

Figure 8.3-11b_ except without inserts. After proof-pressure testing the

assembly to confirm the integrity of the structure_ holes were machined into

the assemblies by E.D.M. process and inserts brazed in place as shown in Figure

8.3-11b. Just prior to testing_ thermocouples and pressures taps were in-

corporated to produce a test specimen such as illustrated in Figure 8.3-Iic.
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Both solid inserts; i.e_ inserts that filled the machined holes in the

fin passages_ and those undercut to provide coolant flow around the body were

incorporated in the test panels as shown schematically in Figure 8.3-12.

8.3.4.2 Test Setup and Procedure

The tests on these panels were run in the same setup as used for the thermal

fatigue tests previously shown in Figure 8.3-9. The quartz lamp output and

nitrogen flow were adjusted to produce the desired values of surface metal

temperatures (IO00°-ISOOOF) and steady state parameters; flow and temperature

were measured. In addition_ temperature-indicating paint was used to provide

comprehensive data on temperature variations on the surface.

8.3.4.3 Test Results and Conclusions

Six test runs were made on the basic panels at flow rates from 0.95 to

2.21 Ib/min and quartz lamp heat fluxes from 17.9 to 39.8 Btu/sec-ft 2. The

data generated confirmed that flow was uniform in the panel and provided

limited verification of the analytical techniques used to generate the coolant

heat transfer data.

The insert panels were subjected to the same heat fluxes and flow-rate

ranges as the basic panels. Temperature readings from both surface-mounted

thermocouples and temperature-indicating paint provided evaluation data.

Figure 8.3-13 shows a typical paint pattern resulting from the testing. Based

on the data and heat transfer calculation_ the following conclusions were

drawn.

(a) Solid cylindrical inserts do not permit satisfactory flow and

wall temperature distributions for the HRE cooling jackets.

(b) Undercut inserts with flow-to-frontal-area ratios above 0.29

permit satisfactory flow and wall temperature distributions

for the HRE cooling jackets.

(c) Undercut inserts with flow-to-frontal-area ratios of 0.29 at

transverse-to-flow spacing of three diameters or more do not

cause pressure drops above those for passages with fin only.

(d) Satisfactory insert geometries for the HRE cooling jackets are

(If fuel injector insert diameter of 0.250 in. and Af/Afr of

0.24_ based on extrapolation of the test data; and (2) pressure

tap and thermocouple insert diameter of 0.200 in. and Af/Afr
of 0.39.
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Figure 8.3-12_ Insert Flow Test Panel Schematic
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8.3.5 Nondestructive Testinq

An investigation was conducted of the various techniques of nondestructive

testing to evaluate the brazing quality of plate-fin shell assemblies using
plate-fin flat panel test specimens that had been fabricated with intentional

localized braze voids. The panels were fabricated from O.OI5-in. Hastei]oy X
plates with 20R-.075-.I00-.004 Hastelloy X fins brazed with Palniro 4 braze

alloy. The voids consisted of five single unbrazed (stopped off) fin segments_

five groups of two adjacent unbrazed fin segments_ and five groups of four
adjacent unbrazed fin segments.

The nondestructive techniques that were investigated included:

Ultrasonic "C" scan

Liquid crystals

Infrared radiography

X-Ray radiography

"St resscoat"

8.3.5.1 Ultrasonic "C" Scan

This procedure produces a "picture" by gating the transducers to pick up

any reflections of the initial transmitted sound wave when a sudden change in

density occurs (metal to air) at the depth where the braze joint is located.

The picture was graphic and easily interpreted as long as near-perfect normallty

was maintained between specimen and equipment. When scanning curved surfaces_
focus (and resolution) was difficult to maintain.

8.3.5.2 Liquid Crystals

A survey of the existing technology of liquid crystals was made in order

to ascertain the feasibility of its application as a nondestructive testing

technique for brazed plate-fin assemblies. The survey showed that the liquid

crystals were not recommended for the following reasons:

(a) The use of a closely controlled heating source is required.

(b) The interpretation of the color pattern is often not clearcut

in small areas such as the size of one fin (approximately 0.050

by O. IO0 in.).

(c) The high conductivity of the metal would tend to mask the effect
of a small braze void.

+
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8.3.5.3 Infrared Rad ioclraphy

This technique incorporates the application of a rapid localized heating

in conjunction with a rapid infrared radiometry sensing and recording technique,

Both infrared area-scanning and infrared line-scanning were attempted on panel

specimens. The area-scanning image was unable to detect the single fin seg-

ment void and the line scan_ which appeared as a graph_ required specialized

interpretation as to its significance.

8.3.5.4 Xmaa_

Extensive experience and equipment were available for X-ray radiography

and excellent figures of the panels were produced which detected the voids

clearly_ as shown by Figure 8.3-14. The disadvantage of the technique is

its lack of ability to differentiate depth and_ in common with the other

techniques (except Stresscoat)_ its lack of indication of strength of the

assembly.

8.3.5.5 St resscoat

This technique utilizes a coating of opaque, carefully controlled brittle-

ness paint that is sprayed on the surface of concern. Any tensile movement

in tile surface is reflected as minute cracks in the paint. The cracks can be

detected immediately by careful examination and proper illumination of the

surface_ and can be made more visible by subsequent surface treatment of the

paint.

The excellent resolution of the technique is illustrated in Figure 8.3-15.

The cracks (over single-fin segment voids) in SN I panel first occurred at

a pressure of 800 psig_ which corresponds to a bending stress in the skin of

approximately 14_000 psi. The cracks over the dual-fin segment voids in

panel SN 3 first occurred at a pressure of 450 psig and over the quadruple-fin

segment voids in panel SN 5 at 275 psig.

8.3.5.6 Conclusion

To assure sound fin passages_ a dual process testing procedure was

adopted. Immediately after the first braze cycle the surfaces were I00 percent

X-ray photographed and examined for plugged fins or braze voids. Then the

assemblies were covered with Stresscoat and proof-pressure tested. The pres-

sure level at which cracks first appeared and the nature of propagatio_ during

subsequent higher pressure levels provided excellent indication of the nature

of the voids. The X-ray surveillance was conducted after each braze cycle,

but Stresscoat proof-pressure testing was not repeated until after the final

braze cycle on the assemblies.
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641_3-I

Figure 8.3-15. Nondestructive Testing Evaluation - Braze

Void Panels (Void Side) "StressCoat" Coated
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8.4 INLET SPIKE ACTUATION SYSTEM

This section outlines the procedures and results of the tests performed

on two prototype systems of the HRE inlet spike actuator and control system

( ISACS ).

The initial pneumatic system concept was superseded by the hydraulic

system discussed herein when design progress indicated significantly increased

aerodynamic spike loads.

8.4.1 Test Setup

The test fixture is a floor-mounted, horizontal support structure to hold

the actuation system by its mounting pads in the normal operating position.

This fixture has_ as an integral part of its construction_ two hydraulic

cylinders to provide the axial and lateral (normal to axial) forces. The load

sensors (strain gages) are cylinder-mounted on both cylinders_ with an inertial

mass simulating the mass of the spike. The piston end of the actuator is

secured to this mass by its normal means of attachment. The structural rigi-

dity of the test fixture is sufficient to confine all coupling effects to the

support assembly under maximum axial and lateral force conditions.

The command signal to the test assembly actuators is provided by a T-48

computer. The computer receives a position signal from the test fixture posi-

tion transducer and provides the command function to both closed-loop servo-

actuator systems (axial and lateral). The force signal loop is preprogrammed

so that the proper functions can be selected by a single-switch position.

The recording instrumentation is arranged in a rack-mounted console

adjacent to the fixture and consists of multipoint temperature recording and

a CEC oscillograph. Electrical and electronic equipment is rack and panel-

mounted and located convenient to the test fixture. Auxiliary test systems

required to complete the setup are as follows:

(a) Vacuum pump to evacuate and fill the system with oil

(b) Hydraulic power and oil recovery systems

(c) Oil filtration system

The test setup is shown schematically in Figure 8.4-I. The functional

arrangement of the test setup control instrumentation is shown in Figure 8.4-2.

Figure 8.4-5 shows ISACS installed in the test fixture.

The environmental temperature enclosure for the ISACS test specimen pro-

vides controlled temperature from-20 o to 160°F.
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Figure 8.4-2. Functional Block Diacram of ISACS Test Setup
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66143_1

Figure 8.4-3. ISACS Installed in Test Fixture
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8.4.2 Test Procedure

Two prototype ISACS units were utilized for the development tests with

the objective of establishing design capability to meet the work statement.

Inlet spike actuator and control system3 PN 981190-2-I was subjected to the
tests outlined in para. 8.4.2.2.1_ 8.4.2.2.2_ and 8.4.2.2.3. PN 981190-I-I

was subjected to the tests outlined in para. 8.4.2.2.1; steps (a) and (c) of

para. 8.4.2.2.2; and para. 8.4.2.2.4. An additional test was performed to

determine the ISACS displacement response resulting from actuator step commands
from 0.320 to 0.50 in.

8.4.2.1 Test Assembly Checkout Procedure

An interim actuator was used as the test specimen while the test assembly

was checked out in accordance with the following procedure:

(a) The interim test actuator was installed in the test fixture in an

open-loop manner to receive extending and retracting commands. The

force-displacement profile was monitored on an X-Y plotter. All

force-displacement profiles were preprogrammed on the TR-48 analog

computer.

(b) From the extended position the actuator was commanded to fully retract_

utilizing a load profile on the TR-48 computer. The force displacement

profile on the load actuator was monitored and the necessary adjust-

ments made to obtain the desired profile.

(c) The actuator was commanded to fully extend. The force-displacement

profile was monitored. The necessary adjustments to obtain the

desired profile on the load actuator were made.

(d) Step (b) was repeated with two different load profiles.

(e) Step (c) was repeated with two more load profiles.

8.4.2.2 Development Test Procedure

8.4.2.2.1 Inlet Spike Actuator System Hydraulic Test

These tests were performed under no-load test conditions and without

pressurized GN 2 for the purpose of verifying design performance characteristics.

(a) The actuator was connected as shown in Figure 8.4-4. The hydraulic

system was filled with MIL-H-5606 filtered oil_ and the actuator piston

was cycled between the extended and retracted position until all air

was removed from the hydraulic system.

(b) The actuator locking mechanism test was set up and the pressure at

control port 2 was increased until the actuator lock released. This

was repeated several times to determine average release pressure

values. Axial external loads on the locking mechanism were imposed

by pressurizing the test assembly axial load actuator to 700 psid.
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Figure 8.4-4. Schematic of ISACS Test Setu p
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(c) Actuator friction values were measured with the test specimen setup

as in step (b). The piston differential pressure was gradually
increased and measured at the minimum value sufficient to sustain

piston movement. The actuator piston differential pressure was then

increased to obtain a positioning rate of 5 in./sec.

(d) Calibration of the LVDT was accomplished by comparing linear actuator

piston positions_ measured with an O.OOI in. dial indicator_ with

the LVDT signal output value. Measurements were made at O.S-in.

increments from fully retracted to fully extended piston positions.

Compensating adjustments of the ECM were made as required.

8.4.2.2.2 Inlet Spike Actuator System Calibration Test

These tests were performed following the tests described above.

The test specimen was instal led in accordance with Figure 8.4-4 with the excep-

tion that the 6000 psig GN 2 supply was not used. The hydraulic accumulator

was charged with oil and pressurized to 500 psig with GN2. The tests were per-

formed at ambient and elevated temperature as noted in each instance. Appli-

cable transient data was oscillograph recorded.

(a) Positioning accuracy tests were performed at ambient temperatures.
Measurements were made at 0.5-in. increments between 2 in. and 5 in.

from the extended position under no-load conditions. The measure-

ments were repeated with an axial load of IO_O00 lb.

(b) Stresscoat patterns were obtained during Emposed axial loads to

15_500 Ib and lateral loads to 16_800 lb. Lateral structural deflec-

tion was measured at several stations. Longitudinal deflection of

the mounting pads was measured under the above load conditions.

(c) Load responses were recorded_ under ambient temperature conditions_

while extending and retracting commands were made to the ISACS for

each of the load profiles previously established.

(d) Elevated temperature tests were performed with a thermal enclosure

around the ISACS. Following a preliminary soak period of 4 hr_ 160°F

specimen temperatures were maintained while the testing described in

steps la) and (c) was conducted.

8.4.2.2..3 Inlet Spike Actuator Control System Endurance Test

The endurance test consisted of extending and retracting the actuator for

a maximum of 200 cycles while at 160°F and under the test conditions noted in

the following steps. The test setup was in accordance with Figure 8.4-4.

(a) FFfty test cycles were completed with axial loads imposed whEle

extending and retracting.

Ib) Fifty test cycles were completed under the maximum lateral load

conditions while retracting and extending.
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(c) Fifty test cycles were repeated under the test conditions of step (a

(d) Fifty test cycles were repeated under the test conditions of step (b

(e) Post-endurance calibration tests were performed at ambient temperature.

and in accordance with steps (a) and (c) of para, 8.4,2,2,2,

8,4,2,2,4 Frequency Response Characteristics

An audio oscillator was connected to the electronic control module and the

peak-to-peak displacement amplitude was adjusted to less than ±0,I in. at I Hz,

The frequency was gradually increased to determine the amplitude as a function

of frequency, Thls test was performed first with the actuator unloaded and

then with a static load of I0_000 lb,

8.4.3 Summary of Test Results

When the test results are compared with the requirements of the work

statement_ the following points are significant,

a The load profiles show the ISACS capable of controlling maximum load

changes during gross displacement changes at a rate of 5 in./sec.

During fIight_ the load changes are expected to be within 60 to 600

_sec. The test assembly load changes occurred within 40 msec. Thrs

does not appear significant since the actuator is a positive displace-

ment device and will absorb sudden loads without appreciable change
in displacement.

(b

C

Considering the initial philosophy of having the on-board flight

electronics compensate for predictable errors of the calibrated

ISACS_ the positioning accuracy is essentially a matter of correct-

ing for the displacement variation due to load changes with possible

minor effects from temperature conditions. With this approach_ the

positioning accuracy of a complete flight system would be well within

the design value of ±58(I0) -3 in. In the present configuration, the

ISACS is used in the AIM and SAM wind tunnel tests without flight

electronics. The acceptable stroke range for M= = 8 is from 0.0 to

I.I in. and 3.9 to 5.0 in. for no-load conditions; 0.0 to 1.4 in. and

3.6 to 5.0 in. for IO, O00-1b load conditions. The M_ = 6 acceptable

stroke range is approximately 0.5 in. greater.

The natural frequency of the ISACS was determined analytically and

experimentally to be about IO Hz or less and highly damped. No

response was experienced during the frequency response test to 4S

Hz. This appears to be sufficiently removed from the critical

frequency range of 15 to 17 Hz mentioned in the work statement.

The mechanical locking mechanism will meet the axial design load

requirement of 8200 Ib with no structural damage.
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(e) Structural wear and deformation were evident on actuator locking

latch at the end of the endurance test of PN 981190-2-1; however

the testing of these components exceeded the design criteria of 200

endurance load cycles_ since 195 load cycles were accomplished prior
to the endurance test.

(f! The hydraulic servovalve PN 981160_ used on the endurance unit, was

returned to the supplier for failure analysis. The valve was

tested and performance was acceptable except for dynamic response.

The test showed a minor instability at 28 to 38 Hz_ which agreed wTth

the data. This discrepancy was found to be the result of operating

the servovalve electrically without hydraulic pressure in the system.

(g) The lateral load tests_ before and after endurance testin9_ indicated

structural yielding of the Fabroid journal bearings was approxTmately

seven-times greater than analytically predicted. However_ during the

most severe spike position_ the clearance between the spike and cowl
lip were found to be adequate. The StressCoat tests results indica-

ted a very low stress level in the housing.

Results of the tests performed on the two prototype units_ PN g81190-1-1

and PN 981190-2-1 indicate satisfactory performance in all areas except in a

limited range of positioning accuracy and minor actuator structural degradation
that occurred during the endurance test.

8.4.4 Conclusions

Test results of the two prototype flight configuration ISACS show the

hydraulic design concept to be acceptable. The system performance is satis-

factory for the test conditions including an elevated temperature environment

of 160°F. The present design is capable of IO0 cycles of endurance-type test-
ing without attention to mechanical detail.

The natural frequency, determined analytically and experimentally, is
I0 Hz with highly damped characteristics. This is adequate with respect

to the critical frequency range of 15 to 17 Hz which is specified in the work
statement.

For use in the structural assembled model, the actuator system will
require some compensation in the position feedback circuit to maintain the

desired positioning accuracy over the full displacement range.
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8.5 COOLANT HYDROGEN BELLOWS

8.5.1 Test Units

Two coolant bellows assemblies of the designs used in the SAM were

cycle-tested until failure. The first unit (tested at room temperature), was

the spike coolant inlet bellows_ PN 980232-I_ SN 002. This bellows assembly

is shown in Figure 8.5-I. The second bellows configuration tested was

PN 980231-I_ SN 003. Two of these units are used in the SAM_ one for the

purpose of carrying the hot spike outlet hydrogen into the innerbody, and the

second is used to supply hot hydrogen fuel to the spike injector manifold.

These bellows operate at elevated tempe rature_ and the cycling test, accordingly,

was conducted in an atmosphere furnace at lO00°F.

Both bellows assemblies were designed with the convolutions heat treated

in the fu]ly extended position. The assemblies were also designed to apply

external pressure to the convolutions in order to prevent them from squirming

at operating pressure. The convolution arrangement within the bellows assembly

is depicted in Figure 8.5-I.

[ ' I ',

BELLOWS /

ASSEMB LY

U
L

3.5 IN.

CYCLIC

STROKE

5.15 IN.

BELLOWS POSITIONS

(D AS DELIVERED; CORRESPONDS TO MAXIMUM SPIKE RETRACTION

(E) SPIKE IN MACH 6 OPERATING POSITION

(3) INLET CLOSED; CORRESPONDS TO MAXIMUM SPIKE EXTENSION

5-57650

Figure 8.5-1. SAM Bellows Details
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8.5.2 Test Description

Both bellows were tested in the cyclic test fixture shown on Figure "8.5-2.

In each test the bellows assembly was first extended to position 0 as

depicted in Figure 8.5-I. The bellows was then repetitively stroked between

l_sitions O and 0 per Figure 8.5-I. With the bellows assembly in positionthe convolutions were compressed to very nearly the solid height of the

convolution stackup.

The bellows was cycled by a hydraulic actuator that was connected to a

double-acting hydraulic pump_ thereby enabling the actuator to drive the

bellows assembly in either direction. The bellows assembly was capped at

both ends_ and connected to a high pressure nitroger cylinder. With the unit

in position 0 , Figure 8.5-I_ the assembly was pressurized to 700 psig and

then isolated from the gas source by a shutoff valve. The pressure within

the bellows decreased from 700 psia to approximately 600 psia when it was

stroked to position(3) during test. At intervals of 50 cycles_ cycling was

stopped and the assembly checked for pressure decay during a two-minute period.

Observable pressure decay was used as an indication of failure.

The nitrogen pressure source and the hydraulic pump are shown in Fig-

ure 8.5-3. The cyclic test fixture can be seen inside the spring steel burst-
chamber.

8.5.3 Test Results

8.5.3.1 Cold Bellows_. PN 980,232-I, SN 002

The unit successfully completed the design objective of 500 cycles. It

was decided to operate for another 500 cycles under identical conditions. The

bellows audibly ruptured at the 985th cycle_ accompanied by a rapid decrease

in nitrogen pressure.

8.5.3.2 Hot Bellows T PN 980231-I_ SN 003

The test procedure was identical to that employed for the cold bellows_

except that a furnace was used to heat the unit to a nominal 1000°F (the

temperature along the length of the unit ranged from 980°F at one end to

II00°F at the other end). The unit completed 503 cycles of operation without

failure. At this point the stroke was increased from 3.5 in. to 4.5 in. The

unit operated for an additional ten cycles_ at which time a leak was detected.

8.6 COMPONENT PRESSURE DROP AND FLOW DISTRUBLFFION

The following sections summarize the isothermal air pressure drop and

flow distribution tests performed on the SAM components. These tests cooro-

borated the design predictions in Section 5. I.3 and provided the data required

to pre-select the SAM test conditions.
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Figure 8.5-2. Coolant Inlet Bellows Assembly

Installed in Cycle Test Fixture

°

F- I 5207

Figure 8.5-3. Nitrogen Source and Hydraulic Pump Shown Outside of

Burst Chamber Used for Bellows Cycle Testing
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Pressure drop results from tests using room temperature air in the SN 2 end

SAM spike coolant passages are presented in Figure 8.6-I as the product of

static pressure drop and average density versus airflow rate. The predicted

hydrogen flow rate at Mach 6.5 locaIj 88_000 ft-altitude flight conditions

is included for comparison. Results indicate that the test pressure drop

for the SAM spike assembly is 20 percent lower than predicted and 14 percent

lower than test data for the SN 2 spike assembly.

Two pressure taps placed 84 deg apart in the SAM spike outlet manifold

indicated a manifold static pressure differential that was within 15 percent

of predictions for uniform flow distribution. This is expected to produce an

acceptable local flow rate increase of not more than 0.5 percent above average
at 1300°F and 590 psia hydrogen outlet manifold conditions.

8.6.2 Innerbody

Pressure-drop tests using room temperature air in the coolant passages

of two nozzle assemblies and one inner shell assembly were performed. One

nozzle assembly (SN 2) was individually tested with air exhausting to ambient

pressure through the bolted flange/manrfold orifices. Another nozzle assembly

(SN 3_ SAM) was attached to an inner shell assembly _/SN 3_ SAM) and tested

with air, exhausting to ambient pressure through the six inner shell outlet

tubes. Pressure-drop results are presented in Figures 8.6-2a and 8.6-2b_ as

the product of static pressure drop and density at average temperature and

pressure_ versus airflow rate. Predicted 6esults for hydrogen flow are included
for comparison.

The overall innerbody test pressure drops for both nozzles are approxi-

mately equal and about 9 percent lower than predicted_ primarily because test

pressure drops in the inlet tube and nozzle cap, nozzle cap orifices, bolted

flange/manifold orifices_ and inner shell outlet tubes were from 31 to 52 per-

cent lower than predicted. These overpredFctions_ however_ were offset by

underpredictions of test pressure drop in the nozzle fins by 42 percent_ and
in the inner shell fins by 16 percent.

8.6.3 Leadin 9 Edge

Pressure drop and flow distribution tests using room temperature air in

the coolant passages of the SN 2 and SN 3 (SAM) leading edge assemblies have

been performed. Airflow entered the inlet manifold through eight flexible

hoses and exhausted to ambient pressure through the 24 crossover tubes. Test

results are presented in Figure 8.6-3 as the product of static pressure drop

and average density_ versus airflow rate. The predicted value of hydrogen flow

at Mach 6.5 local_ 88_O00-ft-altitude flight condition is included for

comparison.
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Results indicate that the test-pressure drop (inlet manifold to outlet

manifold) for the SN 2 assembly_ as tested_ is approximately 40 percent higher

than predicted; however_ when the test data is corrected to account for the

presence of blocked-finned passages, the pressure drop is about 15 to 20 per-

cent above prediction. The test pressure drop for the SN 3 (SAM] assembly
is 33 percent lower than prediction.

Several static pressure taps were instal led in the inlet and outlet mani-

folds of the SN 2 assembly in an attempt to measure coolant-passage flow dis-

tribution. However_ the presence of braze-alloy blockages in the finned

passages obscured the outlet manifold pressure distribution and the resulting

fin-passage flow distribution. Flow distribution tests on the SN 3 (SAM1

assembly were performed by indirectly measuring the outlet manifold pressure
distribution. Results indicate that the ratio of local-maximum to local-mininum

flow rate is an acceptable 1.033. The corresponding predicted value is 1.016.

8.6.4 Outer Shell

Pressure drop and flow distribution tests_ using room temperature air in

the coolant passages of outer shell assemblies_ have been performed. Two outer

shell assemblies were tested. For the first assembly_ SN Ij air pressure drop
and flow distribution tests were performed on both the forward and aft outer

shell coolant flow passages_ with and without simulated strut sides coolant

flow. For the second assembly SN 2 (SAM)_ air pressure drop tests were per-

formed on the aft outer shell coolant flow passages only_ with and without
simulated strut-sides coolant flow.

Pressure-drop results from the aft outer shell coolant passages of both

assemblies are very close and practically indistinguishable within the band

of data scatter obtained. When compared to the Mach 6.5 local predictionj aft

outer shell test data is 8 percent higher. Pressure-drop results for the for-

ward outer shell coolant passages of the SN I assembly are 18 percent higher

than predicted. Simulating strut sides coolant flow appeared to have no effect
on the pressure drop results of the aft outer shell. A simulated strut-sides

flow rate of from 17.3 to 21.4 percent of the aft outer shell inlet flow rate

was maintained for 15 test runs on the two outer shell assemblies. The flight

engine design requires 20 percent for adequate strut sides cooling. The SN I

forward outer shell coolant maldistribution_ W /W is I 005_ as calculated
max min _

from manifold pressure distributions. The ratio of coolant flow, maximum to

minimum_ for the aft outer shell is less than 1.005. Both of these are

accep tab le.

Pressure drop data reduced to the product of static pressure drop and

density at average temperature and pressure versus airflow rate are presented

in Figure 8.6.4a for the forward outer shell coolant passages (SN I assembly
only)_ and in Figure 8.6.4b for the aft outer shell coolant passages (both

assemblies). Predicted results for hydrogen coolant at Mach 0.5 local_ 88_O00-

ft-altitude flight conditions are included for comparison in these figures.

/
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8.6.5 Strut Sides

Pressure-drop tests using room temperature air in the side coolant passages

of the struts have been performed. These struts have a single I/2-in.-dia inlet

tube providing coolant to the strut sides. Results are presented in Figure

8.6-5 as the product of static pressure drop and density at average temperature

and pressure vs airflow rate. The engine system requirement is included for

comparison in Figure 8.6-5. The engine system requirement is determined from

the available pressure drop from the outer shell to the fuel plenum and the

required hydrogen flow rate and does not represent the pressure-drop characteri-

stic of any air-tested strut. Because the pressure-drop characteristics for

the tested struts are lower than the requirement_ the strut-sides coolant-

passages circuit will be orificed so that the effective strut-sides pressure-

drop characteristic will match the requirement. In the data reduction_ a

velocity head based on the 0.312-in.-inside diameter outlet tube was subtracted

from the overall pressure drop to account for the dump loss to atmospheric

pressure.

8.7 SAM FLOW CALIBRATION

The purpose of these tests was to perform ]eakage_ calibration_ and check-

out tests of the SAM prior to delivery to the 8-ft high temperature structures

tunnel (HTST) at NASA-Langley. These tests consisted of the following:

(a) Pressure drop versus water flow rate in each of the five water flow

routes

(b) Calibration of differential pressure switches in each of the five

water flow routes

(c)

(d)

(e)

Overall pressure drop versus airflow rate in each of the four hydro-

gen flow routes_ for different valve settings. Pressure drops in

the regeneratively cooled shells were previously obtained and reported

on a component basis.

Overall pressure drop versus airflow rate in the fuel injection cir-

cuit_ for different valve settings. The flow characteristic without

external plumbing was previously obtained and reported.

Checkout of the TCS when integrated with the SAM_ including the flow

measuring subsystem_ the abort and interlock functions_ and the valve
control functions.

(f) Nitrogen purge gas flow versus inlet pressure

For tests (c) and (d)_ pressure transducers installed in the SAM were used for

many of the measurements. These transducers were ranged for the higher hydro-

gen pressures planned for wind tunnel use. This caused inaccuracies during air

tests because of the relatively low pressures used.

'\_..
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The complete assembly_ tested in the laboratory_ consisted of the

following items:

(a) Engine assembly

(b) Manifold assembly, This assembly was assembled to the engine

assembly for testing.

_c) Temperature control system (TCS)

8.7.1 Hydrogen Coolant System

An isothermal air flow test was performed on the hydrogen coolant system.

The fuel dump valves and the coolant regulating valves were controlled by the
controls located in the TCS console. The SAM was tested with all its actual

plumbing in the final configuration_ as used in the wind tunnel. The proce-

dure for establishing the coolant flow rate was to set the pressure downstream

of the pressure control valve (PCV) with the coolant regulating valves (CRV's)

in the fully open position. One fuel dump valve _FDV 21 was used as the run-

ning valve_ with the other fuel dump valve (FDV I) electrically positioned in

the fully closed position. The FDV 2 was opened to obtain the desired flow

rate by adjusting the potentiometer setting on the TCS console. The coolant

regulating valves were adjusted to obtain the flow split as follows in each
coolant circuit:

Cooling Circuit Fiowz Percent

Spike 41.2

Innerbody 9.3

Leading edge 29.0

Trailing edge 17.8

Strut 2.7

Data was recorded at five levels of airflow ranging from 46.2 ]b/min to 14.4

Ib/min at a system inlet pressure of approximately 270 psig_ and at three

settings of the CRVrs with flow splits maintained the same.

Results of the isothermal airflow tests are summarized below. Figure

8.7-I presents the average density-pressure drop product (pAP 1 for the spike.

Included is the curve obtained from component tests performed on the spike

ISection 8.6.1). Acceptable agreement is noted (pressures were measured with

built-in I000 psi transducers_ giving a possible error in AP of -+7 psi l.

Pressure drops were checked for two other flow routes (innerbody and leading

edge) and are adequately within the range of prediction when the accuracy of

the pressure measurements were considered. For most test runs the innerbody
and leading edge pressure drops were approximately equal to or less than the

instrument and reading accuracy of the pressure gages _+2 psi _. Similarly
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small pressure drops are predicted in the two innerbodys leading edges outer

shell_ and strut routes during hydrogen testing. Differential pressure

transducers will be used in several of these routes during wind tunnel tests

to improve data accuracy.

The total flow rate through the SAM as measured by the turbine flowmeter

(Cox Model GM-32s SN 13664) was compared with the flow measured by a 4 by 2 in.

flange tap orifice upstream of the SAM. The standard deviation error is ±1.2

percent for the thirteen test points sampled. The largest error (3 percent)

occurred at 18.6 Ib/min. Mass flow rate through the flowmeters was calculated

by multiplying the volume flow rate (as determined by the frequency reading

of the flowmeters) by the air density at the flowmeters.

Static pressure taps were located adjacent to each of the flowmeters

(spikes innerbody_ leading edges outer shells and total) and the strut-sides

flow-measuring orifice. For all flow test runss these six pressures were

sufficiently close to each other that a random error analysis was performed.

The standard deviation between these six pressures for all test runs was

±2.2 psi at an average pressure level of 270 psig or ±0.8 percent. Thus, any

one of these pressures can be used to calculate any of the flows with a devia-

tion of up to ±0.8 percent. This deviation was accepted for SAM data reduction

since pressures adjacent to the innerbody and trailing edge flowmeters were

not measured during SAM testing.

The t'otal engine flow rate percentage to each of the five flow routes is

plotted versus total engine flow ratesin Figure 8.7-2. The CRV potentiometer

settings were fixed for the range of total engine flow rates shown and were

set to give the design percentages for N2 calibration indicated in Figure 8.7-2.

With the CRV positions fixed, the FDV position was changed from run to run to

vary the total engine flow rate. The maximum flow deviations between the

flow rates shown are 1.9 percent (of total engine flow) for the spikes 2.5 for

the innerbodys 1.7 for the leading edges 0.7 for the trailing edges and 0.5

for the strut sides. The flow percentages were set using flow percentage gauges

that are accurate to ±2 percent of total engine flow. These settings were not

refined from run to run and gave flow percentages that were as much as 2-I/2

percent away from the design setting for N2 calibration. Additional adjustment

of the CRV settings (particularly the spike) would have reduced these differ-

ences.

8.7.2 Injection System Test

An isothermal airflow test was performed on the injection system circuit.

Airflow rates varying from 46.21 Ib/min to 14.4 Ib/min were used to calibrate

the fuel injection circuit. The flow rates in the coolant routes were main-

tained the same as in the coolant circuit tests. For the fuel injection tests_

the desired flow rate was established by flowing air through the coolant

circuit and FDV and then making the transition from the coolant circuit to the

injector circuit by means of the TCS (i.e._ close FDV and open injection con-

trol valve (ICV)).
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To maintain coolant system pressures (120 to 500 psia) and airflow rates

r15 to 60 lb/min) equal to those using the FDV only_ the transition to the

injection system required that the injector control valve (ICV) be positioned

at small openings. These small openings choked the flow through the ICV and

created pressure ratios across the spike and outer shell injectors that were

just equal to or less than the critical choking ratio. Flow through the spike

and outer shell injectors was estimated from the recorded pressures in the

injector manifolds and the injector calibration discharge coefficients.

However_ the sum of the estimated injection flow rates differed from the total

airflow rate (as measured by the orifice upstream of the SAM) by 3 to IO0 per-

cent. These differences were caused by pressure gauge and pressure transducer

inaccuracies at pressure levels from 20 to 30 psia. For injector flow rates

that agreed fairly well with the total flow rate [3 to 6 percent)_ it is

estimated that approximately 54 to 62 percent of the total engine flow was

routed through the spike injectors_while the remainder was routed through the

outer shell injectors. The design objective was a 50-50 split between spike

and outer shell injectors.

8.7.3 Temperature Control System

The TCS functions and operating modes were checked out during the course

of the isothermal airflow testing.

The external purge command from the facility was simulated to verify that

the BPV's_ FDV's_ and the ICV opened upon command and returned to their previous
settings when the signal was removed.

The ICV permissive signal from the facility was simulated to ensure that

the ICV valve would open only when the enabling signal from the facility_

showing that the engine was at the tunnel centerline_ was sent to the TCS

panel.

The low-hydrogen_ flow-abort system was checked by first presetting the

potentiometer on the low-flow switching mechanism and establishing a flow rate

in the coolant circuit. A step change was then imposed on FDV area. As the

valve closed and the coolant flow was reduced_ the two solenoid-controlled

BPV's opened. System inlet pressures_ the dump plenum pressure_ and system

flow rates were continuously recorded. From the dynamic recordings_ an under-

shoot in total flow of approximately 25 percent was observed relative to the

preset trip values in the low-flow switch. This was consistent at all flow

rates tried. For slow changes in flow_ the trip flows match the calibration

values. Actual settings during test were based on an intermediate trip

flow to provide protection during step change and also avoid unnecessary aborts.

The FDV to ICV transition was dynamically checked both with and without

the PCV valve functioning. Again_ only the one FDV valve was used, with the

upstream FDV closed electrically. The transition was not satisfactory without

the pressure control system functioning. Results are considered satisfactory_

i.e._ the total system flow rate is maintained near constant [about 6 percent

excursion from steady state) during transition.
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The pressure control system and fuel dump valve interaction was determined

by applying a step change to the FDV electropneumatic transducer. This was

accomplished by electrically switching from the use of one FDV valve to both

valves open to the same setting. Valve area change is at the maximum possible

rate. With a pressure control system damping factor of O.I_ performance was

satisfactory.

8.7.4 Water Systems Flow Versus Pressure Drop

Pressure drop tests were performed on the five water-cooled routes of

the SAM. Test pressure drops of flow routes I and 2 (low pressure system)

are 41 and 18 percent lower than predictions_ respectively_ at the design

point flow rates. Pressure drops of routes 3_ 4_ and 5 lhigh pressure system]

are 25_ 51_ and 5 percent higher than predicted values. The predicted pressure

drops and flow rates were reported in Section 5.8.

8.7.5 Differential Pressure Switches

As a result of differences in test pressure drops from predicted values

reported above_ the differential pressure switch settings and operating

pressures of all routes, and the flow rates of routes 3 and 4 were modified

from those reported in Section 5.8. The pressure switch settings and re-

sulting flow conditions based on water test data and the initial settings and

conditions for SAM testing are presented in Table 8.7-I. The lower _than

predicted) operating flow rates in routes 3 and 4 were accepted so that the

inlet pressure on the high pressure system can be common for routes 3_ 4_ and

5. It is noted that the predicted water flow rates were based on maximum

tunnel heating conditions. As the SAM tunnel heating conditions were increased

from test to test, the water routes (and_ in particular routes 3 and 4) were

checked for overheating. No indications of overheating were noted in any of
the flow routes.

8.7.6 Nitroqen Purge Systems

Tests were performed to measure the airflow through the two circuits that

have nitrogen purge flow during wind tunnel test. One circuit leads into

the innerbody cavity and exhausts by means of leakage at the various O-ring

seals between the outerbody and cowl/pylon_ and between the cowl/pylon and the

support wedge. The second circuit leads into and out of the second-stage

injector manifold in the inner shell assembly to provide a purge flow for

hydrogen leakage into this manifold from one of the strut pads. Exhaust was
to sea level ambient in the tests.

The results were used to set purge flows during tunnel tests. Cavity

purge pressure was limited to 12 psi differential relative to tunnel free-

stream static pressure. Manifold inlet pressure was approximately 120 psi.

These pressure levels assured outflow of purge gas at all tunnel and coolant

operating conditions.
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TABLE 8.7-I

WATER TEST RESULTS AND MODIFIED CONDITIONS FOR SAM TESTING

Test results at

design flow rate

Initial setting
_and conditions

for SAM testing

Parameter

Design flow rate,

gpm

Test pressure drop,

psi

Trip flow rate,

gpm

Trip pressure drop,

psi

Reset pressure drop,
psi

Operating flow rate,

gpm

Operating press.dropj

psi

Trip flow rate,

gpm

Trip pressure drop,

psi

Reset press, drop,

psi

Operating inlet

pressure, psig

Operating outlet

pressure, psig

Route

I

37

45

(70)*

31

33

43

37

45

31

33

43

9O

45

'_Indicates predicted pressure drop
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62

(8o)_

108

47

57

125

62

I08

47

57
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28
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3

43

210
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4O

165

185

42

175

39

150

170
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4

15
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170
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13

170
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145

165

190
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170
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63
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8.8 SAM WIND TUNNEL TESTING

This section describes the wind tunnel testing performed on the Structures

Assembly Model (SAM), in the 8-ft High Temperature Structures Tunnel (HTST) at

the NASA-Langley Research Center, Hampton, Virginia. The data obtained from

the tests was analysed to determine the aerodynamic heating conditionss the

cooling performance of the structure, and the applied structural loads. The

results of these analyses are presented in Section 8.8.5. Where appropriate,

comparison of the test results with the predicted performance of the cooled

structure is made. A total of 47 wind tunnel runs involving 60 loading cycles
was performed. The accumulated time in the wind tunnel stream was 30.7 min.

Reference 8.8-I is the SAM test report and provides additional details of

test results, data reduction, and conclusions.

8.8.1 Purpose and Scope

The general approach to the SAM tests3 as reflected in the specific test

conditions_ was based on not exceeding the basic HRE structural design capa-

bility. This capability is considered to be as follows:

Cross section, AT = 800°F (cooled shells)

Hot surface_ T = 1600°F (maximum steady-state)

Hot surface, T = 1700°F (maximum transient)

Cold structure_ T = l140°F (maximum)

Design life = I0 hr at the above condition

Cycle life = I00 cycles at the above condition

Coolant pressure = 700 psia

At the same time, however_ parameters were adjusted in such a way as to pro-

duce significant loading in the structure. Reflecting actual operating con-

ditions_ for example_ cross-section 6T's as high as 1400°F were imposed_

offsetting hot surface temperatures that were lower than design maximum.

The specific objectives of the program fall into two broad categories

involving heat transfer and structural performance. The main objectives of

the test program relative to heat transfer were to demonstrate the adequacy

of the cooling system design, to verify the analytic procedures used, and to

compare the test results with analytic predictions. Specific heat transfer

test objectives can be divided into three main areas_ (1) aerodynamic heating_

(2) cooling performance_ and (3) transient response.

The principal objectives of the test program_as related to structures_

were to evaluate structural loading due to aerodynamic effects_ structural

capability to withstand the applied loads, thermal fatigue performance of the

engine, and internal pressure-containment capability.

_ AIRESEARCH MANUFACTURINGCOMPANYL_,.w_c.,,,o,.,.UNCLASSIFIED 72-8237

Page 8-90



UNCLASSIFIED

8.8.2 Description of SAM

The test item as furnished to the test facility_ consisted of the SAM

and its associated manifolding and valves_ and of support equipment necessary

to control the SAM subsystems. The configurations of the various components

and subsystems are discussed below.

8.8.2.1 Fli_ht-Desi_ned Cooled Structure

The basic configuration of the SAM is shown in AiResearch Drawing 9808OO_

Sheets I and 2 (attached at end of this report). Sheet 2 shows the external

water and hydrogen manifolding for the SAM and defines the SAM/wind-tunnel

interfaces. The SAM and its manifolding systems were delivered as separate

items and assembled at the facility. Instrumentation and electrical lines on

the assembly were terminated at connectors compatible with the facility
interface.

Figure 8.8-I shows the SAM hydrogen system schematically. This system is

modified slightly from the flight engine schematic discussed in Section S.I

in that the strut-sides hydrogen coolant is supplied from the main inlet manifold.

In the flight engine design_ the strut-sides hydrogen was tapped from the aft

support manifold on the trailing edge flow route. All of the plumbing and

valves shown in Figure 8.8-I form a part of the SAM_ as shown on either sheet

of Drawing 980800. The system has a single inlet connection and a single outlet

connection. At the inlet to the SAM system_ the facility provides hydrogen at

ambient or at 160°R_ and at 900 to IIOO psia. The exhaust from the SAM system

is to the facility vent line.

The basic system consists of the valves_ designated PCV (pressure control

valve)_ CRV (coolant regulating valve)_ FDV (fuel dump valve)_ and ICV (injec-

tion control valves). In addition to the basic system valves_ the system

included three failure-protection valves_ designated BPVI and BPV2 (bypass

valves) and RV (relief valve). Failure mode of the bypass valves is the open

position for either electrical or pneumatic failures.

8.8.2.2 Water Systems

The facility provides a single inlet to each cowl_ pylon_and mounting

structure water cooling of the two systems (high pressure and low pressure).

Each of the five flow routes has a manual valve at the outlet which is used

to adjust flow rate through the routes. The flow rate in each individual

route is determined from a pressure-drop-versus-flow-rate calibration prior

to test.

8.8.2.3 Support Equipment

The support equipment required for testing of the model includes the

temperature-control system_ the pressure-control system_ and the inlet spike

actuation-control system.
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8.8.2.4 InstrumentatTon

Much of the instrumentation (hydrogen thermocouples_ hot skin
thermocouples_ and static pressure taps) associated with the basic flight-

weight components is installed as part of the manufacturing process. This

portion of the instrumentation was defined at a very early stage. Acceler-

ometers_ strain gages_ and cold-wall thermocouples were installed as required_

as were thermocouples and pressure taps in the hydrogen lines.

The instrumentation of the coolant water systems was aimed at permitting

verification of operating conditions (flow rates, pressure drop_ and water

temperatures). Performance data (aerodynamic heating and metal temperatures)

on the water-cooled cowl/pylon and support wedge were not obtained_ in keeping
with the test objectives. A summary of the SAM test instrumentation is shown

on Table 8.8-I. The assignment of instrumentation to specific recording
devices reflects availability as follows:

Data Acquisition System Channels

Beckman B-210 99

SEL 90

Tota I 189

Less facility requirements 2O

Total available 169

FM tape 26

CEC recorders 60

The Beckman B-210 has a 2-Hz response and the SEL has a 20-Hz response. This

response difference was not a primary consideration and_ in general_ the two

systems were used interchangeably. In assigning measurements of aerodynamic

static pressure_ preference was given to the Beckman System because the SEL

might have produced unwanted hash. To minimize manual handling of data_ the

DAS and FM tape were considered primary devices. CEC recording channels were

used to record strains and accelerations in parallel with the FM tapes_ as

well as for post-run playback, as indicated in the tables (two records were

obtained in this way as a convenience). Additional CEC channels were used to

monitor parameters for the various system valves.

Monitoring of data on the Beckman B-210 occurs on a bargraph (98 channels)

or on a Sanborn recorder (8 channels). The number of monitored quantities was

minimized. Run times were relatively short; consequently_ the capability for

reaction was limited_ and monitoring was confined to the critical parameters.

Reliance was generally placed on the temperature-control system to ensure

failsafe operation of the model. Monitoring of data on the strip chart recorders
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served to purposes: (I) pretest setup of coolant water flowsj and (2) recording

of water flows and pressures during test to verify adequacy of operation and
permit failure analysis as required.

Test groups are noted in Table 8.8-I for data recording purposes. Each

group reflects a single run or group of runs during which a specific number of

parameters were recorded. The changeover from one test group to the other was

accomplished with electrical patch boards. Test Group I constitutes runs

during which aerodynamic data (pressures) were measured. Test Group 2 was aimed

at obtaining thermal performance data (temperatures) at the cost of aerodynamic

data. Strain gages and accelerometers were recorded during all runs_ since(1)

they did not infringe on available DAS channels_ and (2) these data would be of

particular interest during abnormal tunnel or model operation. The differences

in instrumentation hookups between Test Groups I and 2 are reflected in
Table 8.8-I.

8.8..3 Test Setup

8.8.3.1 Wind Tunnel Facility

The basic 8-ft High Temperature Structures Tunnel (HTST) was modified

to permit testing of the hydrogen-cooled SAM. The hot gas system constitutes

the basic facility. A hydrogen system was added to this facility.

8.8.3.1.I Hot Gas System

The 8-ft HTST is a blowdown facility_ shown schematically in Figure 8.8-2.

Methane is burned with air in the combustor and discharged into the test

section through the supersonic nozzle. The nominal Math number in the test

section is 7; the nozzle diameter is 8 ft. An air-driven ejector is used in

the diffuser. Tunnel run times are a function of total conditions in the

combustor and of the air requirements in the ejector. During the SAM tests_

the total pressures in the combustor ranged from 920 to 3370 psia_ and the

total temperatures in the combustor ranged from 2500 o to 3500°R. For the

low pressure runs_ run times (i.e._ SAM in the stream) were in the range of

40 to 50 sec; the run times reach a maximum near 2200 psia. At this condition_

a run duration of If6 sec was achieved. At maximum tunnel conditions (3300
psia)_ run times were between 35 and 40 sec.

The SAM was installed on an elevator with a travel of 7 ft. The elevator

inserted the model into the gas stream at the beginning of the test in 1.4

sec; at the conclusion of the run_ the elevator retracted the model from the

gas stream. Insertion and retraction occured with the tunnel flow established

at supersonic conditions. In this way_ shock loadings on the SAM associated
with tunnel starting and flow breakdown were avoided.
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Figure 8.8-3. SAM at Wind Tunnel_ on Mockup of

Elevator Carriage
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8.8.3.1.2 Hydroqen System

The hydrogen used in the tests was obtained by the blowdown of bottle

cascades. The nominal flow capability of the system was 1.25 Ib per sec

at IO00 psia SAM inlet pressure. The flow was plumbed through a liquid

nitrogen heat exchanger to provide the cooling for runs requiring cryogenic

hydrogen. This heat exchanger was capable of furnishing hydrogen at approxi-

mately 160°R and I Ib per sec. It was possible to achieve essentially steady-

state outlet temperatures from the heat exchanger in most of the runs. For

runs at tunnel conditions not requiring cryogenic hydrogen_ the liquid nitrogen

heat exchanger was drained. Ambient temperature hydrogen was used to facili-

tate control for runs requiring relatively low hydrogen flow rates. The hot

hydrogen exhausted from the model was ducted to five vent stacks for direct

discharge to the atmosphere. Gaseous nitrogen purges were provided at the
beginning and at the end of the test runs.

The hydrogen system was interlocked with the other tunnel system in

such a way that hydrogen flow could only be initiated after supersonic flow

was established in the test section. This was a safety precaution to prevent

accumulation of hydrogen in the test section.

8.8.3.1.3 Water Systems

Two separate water systems were available to supply the five water flow

routes in the SAM test adapters. They were continuous-operating and were

turned on prior to start of tunnel flow_ and turned off after tunnel flow had

stopped.

The low pressure system_ supplying Routes I and 2, operated at 163 gpm

and 96 psig inlet pressure. This essentially corresponded to the design flow

rates and inlet pressure. The high pressure system supplied II8 gpm at an

inlet pressure of 205 psig. This compared to a design flow rate of 130 gpm

at 180 psig. This system supplied Routes 3_ 4_ and 5. Visual inspection of

the test adapters showed that the flow rates obtained were entirely adequate_

i.e._ there was no evidence of overheating. No effort was made to modify the
system Ireduce back pressure) to obtain design values.

8.8.3.2 SAM Installation

A photo of the SAM at the wind tunnel_ prior to installation in the wind

tunnel test section_ is shown in Figure 8.8.3. The assembly is mounted on a

mockup of the elevator carriage. The tight fits involved in the installation

were checked in this way. The particular view in the figure also shows the

array of pressure transducers as mounted to the SAM baseplate. To minimize

vibratory inputs to the transducers_ they were all mounted in rubber cushions.

Rubber dampers were used at the frame mounting points.

Figures 8.8-4 and 8.8-5 show the SAM installed in the test section at

zero angle of attack_ with the elevator in the raised_ or running position.

Attachment to the elevator carriage was by a series of bolts on either side

of the support wedge. Figure 8.8-5 shows cameras installed in protective
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Figure 8.8-4. SAM Installed in Wind Tunnel Test

Section - Side View

Figure 8.8-5. SAM Installed in Wind Tunnel Test

Section - Front View F- 1.5259
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housings on either side of the diffuser inlet; one of the forward cameras is

visible in Figure 8.8-4. Up to eight cameras were used during a test run.

Schlieren photography was made by means of a setup mounted outside of the test

section and operating through the windows shown in Figure 8.8-4.

The final sections of plumbing were fitted with the model in place. In

this way_ a relatively strain-free installation was obtained. In addition_ the

lines on the SAM side of the interface were solidly anchored to avoid introduc-

tion of leads into the SAM plumbing during operation. Hydrogen connections

were limited to a single inlet and outlet. Each of the water systems had a

single inlet. To allow adjustment of flow splits among the routes_ however,

each of the outlets from the five water flow routes was separately plumbed
into a manual valve.

8.8.4 Test Procedures

This section outlines the sequencing of various test operations_ inspec-

tions performed before and after tests_ and the integration of the SAM and

the wind tunnel operations. The numerous detail checks performed on both the

wind tunnel and SAM systems prior to and between tests are not discussed.

All systems were elaborately interlocked to prevent damage to both the facil-

ity and the SAM as a result of malfunction of components or subsystems.

8.8.4.1 Wind Tunnel Systems

The limiting wind tunnel function was air storage. Frequency and length

of the test runs were determined by the air-storage pressure.

With all systems ready prior to a test_ the hydrogen system was purged

with nitrogen gas. After this_ the airflow was started and the pilot burner

lit. With everything satisfactory_ the main burner was lit. At this point

the hydrogen flow to the model was started. The SAM could now be inserted

at the discretion of the model controller. 0nly minor adjustments to the

wind tunnel systems were generally required in the course of a run.

When the available air supply was depleted to within approximately 95

percent of the setpoint pressure_ the model was retracted on a verbal command.

Hydrogen flow through the model was stopped as soon as the model hit the

bottom of the test section pod. On some runs_ this interlock was manually

overridden to permit controlled cooldown of the model or two insertions during

a single run.

8.8.4.2 SAM Systems

The following are highlights of the procedures used to operate the SAM

systems before_ during_ and after tests. All operations were performed

against checklists.
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8.8.4.2.1 Pretest

The most significant pretest activities involved setup and calibration

of various control functions. These included the following:

(a) Presetting of the coolant regulating valves to give the flow

split desired for the upcoming test conditions. This was done

with nitrogen at approximately IO0 psi.

(b) Adjustments of the control temperature set points for each of
the flow routes.

(c) Calibration of spike position vs LVDT output.

(d) Verification of water flows in each of the five water flow routes

on the basis of pressure drops in the flow routes.

(e) Instrumentation zeros and spans.

8.8.4.2.2 Test

Functions of the model operator during the test were limited because of

the generally short run times. Figure 8.8-6 shows a typical test cycle

involving two insertions and retractions during the run for the purpose of

thermally cycling the SAM. During the performance runs_ the intermediate

retraction of the SAM from the wind tunnel gas streams was omitted.

8.8.4.2.3 Post test

Following a test_ the SAM was visually inspected for areas of high

heating and for foreign object damage. Leak tests were run on both a pressure-

decay basis and using soap solution. Selected data was played back on the

SEL system_ on paper tape. Using this data_ run conditions could be reviewed

and adjusted prior to the next run.

8.8.5 Test Results

A total of 47 thermal performance and cycling test runs were performed for

the SAM test program (Test 41_ Run 5_ through Test 41_ Run 53; the SAM was not

inserted into the gas stream for Test 41j Run 30). The runs were divided into

two test groups: the first group_ designated as Test 41_ emphasized the col-

lection of aerodynamic and thermal performance data. The second group_ desig-
nated as Test 42_ was aimed at the accumulation of thermal-structural data.

Twenty-seven runs were performed in this latter test group_ twenty-three of

them using hydrogen injection. Instrumentation hookups for the two test groups

differed to reflect the test emphasis. The SAM was subjected to bO thermal/

structural loading cycles with an accumulated time in the hot gas stream of
30.7 min (1843 sec). Individual run times were from b to I15 sec.
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8.8.5.1 Test Run Summary

A summary of the test conditions and operating parameters is presented in

Tab]e 8.8-2_ in chronological sequence. Corresponding AiResearch run numbers

are inc]uded in this table. Tunnel reservoir total pressures and temperatures

ranged from 920 to 3370 psia and 25000 to 3500°R_ respectively. These reser-

voir conditions produced test section Mach numbers from 6.3 to 6.8 and total

pressures from 300 to 2300 psia. Engine times in the gas stream were from 6
to 115 sec.

Most test runs were performed with a spike retraction (from the fully

closed_ latched position) of approximately 2.9 in. This retraction gave a

splke-shock position outside the leading edge lip. For the remainder of the

runs_ the spike retractions were from 1.70 to 4.34 in. This range of spike

positions gave inlet mass flow ratios from 0.78 to 1.0. The shock-on-lip spike

retraction was approximately 3.9 in. at 1380 psia_ 2700°R tunnel reservoir

total conditions. Operation with spike shock-on-llp was attempted at 1380, 2290_
and 3300 psia reservoir total pressures.

The engine was cooled with room temperature inlet hydrogen for the first

34 runs (through Test 42_ Run 45) where tunnel reservoir pressures were up

to 2200 psia. For the remainder of runs_ cryogenic hydrogen (approximately

160°R) was used to cool the engine (reservoir pressures of 2200 psia and above).

Of the 47 test runs_ 23 were performed with partial or full coolant-jacket

hydrogen flow injected into the hot gas stream.

Most of the thermal cycling runs (Test 42_ Runs 17 to 58) were achieved

by inserting the engine into the tunnel gas stream twice during a test run 3

with an intermediate withdrawal into the tunnel pod. Three thermal cycles

were performed for Test 42_ Run 21. Three angle-of-attack runs (Test 41_

Runs 51_ 52, and 53) were performed at the maximum reservoir pressure of

3570 psia_ with the engine centerline pitched 3-deg downward. All other runs

were at zero angle of attack.

In addition to the test conditions and operating parameters_Table 8.8-2

contains the significant data affecting thermal fatigue of the hot skin at the

outerbody outlet manlfoId, Station 51.4 in. The summed AT's represent the ab-

solute sum of positive and negative AT's of the hot skin with respect to the

manifold. A is the differential growth_ and the damage fraction is the frac-

tion of the estimated cycle life expended at the conditions listed. At the con-

clusion of the tests_ 49 percent of the cycle life available in the structure

at this location is estimated to have been expended in the course of the tests.

8.8.5.2 Aerodynamic Heatin 9

8.8.5.2.1 Summary of Results

One of the SAM test objectives was to verify or update the methods pre-

viously used to predict design flight heat loads and fluxes (Mach 8 freestream

and loca1_ 88_O00-ft altitude_ zero-deg angle of attack). Test heat loads and
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average heat fluxes were obtained from measurement of the heat input to the

hydrogen coolant in the Flow routes at steady state. Analytic heat loads and

Fluxes were obtained from measured tunne] freestream conditions 3 SAM hot gas

surface pressure and temperature distributlons_ and the design prediction methods.

Test and analytic average heat fluxes agree within ±20 percent over most surfaces

of the engine.

Hot coolant hydrogen from the outlet of the SAM flow routes was injected

into the captured hot gas stream for most of Test 4.2 runs. The effect of hy-

drogen injection was detected as higher hot gas static pressures downstream of

the injectors than For runs (Test 41) without injection. The effect of injec-

tion was not detected in the hydrogen heat loads or measured surface temperatures

on the aft flow routes.

Locally highly heated areas were detected from posttest observations of

surface metal discolorations. The highly heated zones were traced to shock

wave-boundary layer interactions. The heating rates relative to unaffected

adjacent areas were estimated from a layout of the aerodynamic Flow field.

8.8.5.2.2 Test Data

8.8.5.2.2.1 Tunnel Conditions

Heat loads on the spike Flow route and the total SAM are shown in Figure
8.8-7"as a function of tunnel reservoir total pressure, These heat loads are

maximum loads during thermal performance runs as measured from the hydrogen
coolant heat absorption, The range of tunnel reservoir total pressure was from

900 psia to 3330 psia For the tests shown. Tunnel total temperature increased
from 25000 to 3400°R with increasing tunnel total pressure in the following

manner:

Total Pressure. Dsia Total Temperature. °R

900 2500

1400 2700

2200 3000

3300 3400

Circular data points represent test runs with room temperature inlet hy-

drogen; triangular data points represent test runs with cryogenic inlet hydro-

gen (150 ° to 200°R). Room temperature inlet hydrogen was used For tunnel total

pressures up to 2200 psla_ and cryogenic hydrogen was used at and above 2200

psia. Though the inlet lines were sized For cryogenic hydrogen_ room tempera-

ture inlet hydrogen was permlssible from the standpoint of inlet line pressure

drop below 2200 psia because the lower flow rates required at or below 2200 psia

(0.15 to 0.50 Ib/sec model total) more than offset the threefold reduction in

hydrogen density. Cryogenic inlet hydrogen flow rates of up to 0.90 Ib/sec

were used for test runs up to 3330 psia tunnel total pressure.
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The dashed lines represent steady-state analytical predictions of spike

and total heat loads. These predictions were based on a detailed analysis at

3300 psia tunnel reservoir total pressure. Predictions at lower pressures were

calculated by ratioing the detailed prediction by the total-pressure ratio (to

the elght-tenths power) and the total-to-average wall-temperature-difference
ratio.

Agreement between the data and prediction is good (±20 percent or less)

for the spike at all total pressures_ and for the total model at pressures of

2200 psla and above. At total pressures at and below 2200 psia with room tem-

perature inlet hydrogen_ the total heat loads are consistently lower than the

prediction by as much as 43 percent. These lower-than-predicted test loads

result from non-attainment of steady-state thermal conditions on the aft routes

(innerbody, trailing edge, strut sides) during exposure times of up to 68 sec

to the hot gas. The spike and leading edge flow routes reached steady state
(as determined by hydrogen coolant outlet temperatures) in iO to 30 sac for all

thermal performance runs. At the higher coolant flow rates used with tunnel

reservoir total pressures above 2200VRj steady state on the aft routes was
achieved in 40 sac or less.

8.8.5.2.2.2 Heat Load Distribution

Flow route heat loads and average heat fluxes were based on test hydrogen
flow rates and inlet and outlet hydrogen temperatures at steady state. At in-

termediate locations along the flow routesj cold wall thermocouple measurements

were used interchangeably with hydrogen temperatures. Enthalpy differences_
derived from hydrogen (or cold wall) temperatures_ were multiplied by hydrogen

flow rate to obtain heat load. The enthalpy-temperature curve for normal hy-

drogen is shown in Figure 8.8-8, This curve applles to all test runs_ since
the hydrogen for the cryogenic runs was obtained from ambient temperature stor-
age and no ortho-para conversion is expected for the conditions encountered.

A tabulation of the heat loads and average heat fluxes for Test 41j Run

39 is presented in Table 8.8-3. This test run was performed at the tunnel

reservoir total conditions of 3320 psia and 3400°R. The spike retraction was

2.89 in. relative to the fully extended position; the coolant hydrogen inlet
temperature was approximately 150°R; and all outlet coolant was exhausted out

the vent line (no hydrogen injection). The run time in the tunnel was 32 sac

and the flow rate and temperature data indicated in Table 8.8-3 are averages
over the last I0 sec prior to engine withdrawal from the tunnel. All flow

routes were at approximately steady-state thermal conditions during this period.

The total engine heat load is 2956 Btu/sec and compares with a pre-

test analytical prediction of 2890 Btu/sec for approximately the same tunnel

reservoir total conditions (3300 psla_ 3600°R). The heat loads on the external

surfaces of the leading and trailing edge flow routes in Table 8.8-3 are estim-

ated values. There are no hydrogen thermocouples directly at the leading and

trailing edges_ so discrete heat load values on these external surfaces could

not be obtained. The heat flux distribution on the external leading edge was

estimated by calculating the local heat fluxes at 2.30 in. and 4.35 in. aft of

the leading edge tip based on hot and cold wall thermocouple pairs TI_ T3j and

T2_ T4_ respectively. A flat-plate heat flux distribution passing through the

_ AIRESEARCH MANUFACTURING COMPANYLm,/u_l_,_, c.adweml
CONFIDENTIAL

THISPAGEIS UNCLASSIFIED

72-8237

Page 8-108



7000,

6000

500(

,.J

h-

Z

"' 4000
C_
O_

0
Z

o 3000

Z

2000

I000

0
0

CONFIDENTIAL
THISPAGEIS UNCLASSIFIED

500

Figure 8.8-8.

I000

TEHPERATURE_ OR

Enthalpy of Normal

1500

Hydrogen

2000

5-67_I

AIRESEARCH MANUFACTURING COMPANY

L_ A_$eles, C=lllom_

CONFIDENTIAL
THISPAGEIS UNCLASSIFIED

72-8237

Page 8-109



CONFIDENTIAL

o'_

z

m

-..:1"

t--
(,n

F--

Q
LI.

"' I---
-.J (..n

<: ,,.".,
I'--

r',,
":E
C)
....J

14J
"r

Z
UJ

0

>-
"e-

I.)-:)o$/n:;ll 'ZX oz I1[

xn|.ll ZeOH 6^ v

b,

• es/n:;o 'ZX o:1 Ix J

peo"l _e_14 ZH

U e 'Ix

ze d.mj. Z x

oes/ql ,

'o:_q MOL41 Z H

(_ooo ._,u)

"Ul '_X
UOl _,It_ol le|xv

(_ .jau)
• u I 41 x

uo I Z.a'OO'l lelXV

u.

_--- _. oo_

_ _ _

-- ,o -

o o o o o o o

__

c

m

]

J

;I

]

±

o=

. &

o__J

:!

_ AIRESEARCH MANUFACTURING COMPANYi,._ _. _
CONFIDENTIAL 72 -8237

Page 8-1 IO



CONFIDENTIAL
THISPAGEISUNCLASSIFIED

two calculated heat flux points was extrapolated up to the leading edge tip,
The analytical value above was used as the external trailing edge heat load in

Table 8.8-3 since there is no hot gas pressure or thermocouple instrumentation
in this region. These external surface heat load estimates do not affect the

total engine heat load since the inlet and outlet hydrogen temperatures of all

routes are experimentally measured. These estimates do_ however_ affect the
heat load distribution within the leadingand trailing edge flow routes.

8.8.5.2.2.3 Effect of Hydrogen Iniection

Some or all of the outlet coolant hydrogen from the engine flow routes

was injected into the captured hot gas stream for most of Test 42 runs. The

injection ports are located at Station 43.00 on the spike and at Station 43.84

(ref. coord.) on the forward outer shell. The purpose of injection was to ther-

mally cycle the structure in the vicinity of the injection ports_ since the

injected hydrogen temperature was expected to be several hundred degrees higher

than the local coolant temperature. The effects of the hydrogen injection were

detected in the hot gas surface pressure measurements downstream of the injec-

tors. It is unlikely that overall combustion occurred_ since the hydrogen

heat loads on the aft routes were no higher than without hydrogen injection.

Hot gas surface pressure measurements (expressed in terms of a pressure

coefficient) are presented in Figure 8.8-9 for a test run with hydrogen injection

(Test 42_ Run 46) and a test run without hydrogen injection (Test 41_ Run 39).

Both test runs were at the maximum tested tunnel reservoir total conditions of

3320 psia and 3400°R. The spike retraction was 2.89 in. relative to the fully

latched position. The circular data points are centerbody measurements and

triangular data points are outerbody (internal surface) pressure measurements.

Flagged data points indicate pressure measurements of the hydrogen injection

test run. The injection rate was 0.35 Ib/sec relative to a captured methane

combustion products (equivalence ratio of 0.74) flow rate of 28.9 Ib/sec. The

curve is the analytical prediction without hydrogen injection.

Static pressure measurements with injection are generally higher than

without injectionj particularly near the injector locations_ as indicated in

Pigure 8.8-9; however_ the increase in static pressures near the injectors with

hydrogen injection fails within the data scatter of equivalent static pressure

increases recorded during 2/3-scale inlet model testing with helium injection.

Similar static pressure results were obtained when two test runs at 1380 psia_
2700°R tunnel reservoir total conditions were compared (Test 42_ Run 34 without

hydrogen injection_ and Test 42_ Run 36 with hydrogen injection). At these

tunnel conditions_ the freestream oxygen content of the methane combustion

products (equivalence ratio of 0.45) is higher than for the comparison in

Figure 8.8-9 but the total temperature is lower.

Heat loads on the trailing edge flow route were calculated for Test 42_

Run 34 (without hydrogen injection) and Run 36 (with hydrogen injection).

Since the trailing edge flow route (as well as the strut sides and innerbody

flow routes) did not reach thermal steady-state conditions after test run times

of 67 and 59 sec_ respectively_ the heat-sink rate into the flow route struc-

ture was added to the hydrogen heat load to obtain an estimate of the aero-

dynamic heat load. The average trailing edge structural temperatures and
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hydrogen heat loads for both test runs are shown in Figure 8.8-10. The data

acquisition time periods shown are the last 32 and 22 sec of Runs 34 and 36_

respectively_ prior to test shutdown. The average structural temperature is

formed by the arithmetic average of thermocouple readings T88j T93_ and TIO0_

at reference coordinate axial Stations 54.13_ 62.30_ and 70. I0_ respectively.

For both runs_ the rate of structural temperature increases and the hydrogen

heat loads are approximately equal over the time periods shown. A summary of
the hot gas and coolant conditions and the parameters that contributed to the

aerodynamic heat load estimate for both runs is shown in Table 8.8-4. The

estimated aerodynamic heat load without hydrogen injection (Run 34) is 45.0

Btu/sec_ and 42.5 8tu/sec with hydrogen injection (Run 36). The 6-percent

difference between these heat loads is within the estimated ±TI.2-percent band
of uncertainty in trailing edge heat load.

8.8.5.3 Coolin 9 Performance

8.8.5.3.1 Summary of Results

The basic objective of the SAM test program was to verify the design of

the hydrogen-cooled engine structure in a severe wind tunnel environment.

Since the engine design is dependent on the cooling system_ a specific ob-

iective was to evaluate the cooling performance. The steady-state cooling

performance was evaluated by comparing measurements of hot wallx cold wall
and hydrogen temperatures in the engine coolant routes with results of heat

transfer analyses for the specific test measurement conditions.

The coolant-side data analyses gave hot and cold wall temperatures at

each axial location based on average circumferential conditions. When the

test hot and cold wall temperature measurements were adiusted for circumfer-

ential heating and coolant flow maldistribution_ test and data analysis values

agreed within 50°R. For this comparison, the hot wall insert-thermocouple data

was corrected to account for the insert thermocouple bead location in relation
to the hot wall outer surface.

During the thermal cycle tests_ the engine structure was subjected to a

thermal environment (combination of hot wall temperatures and hot wall-to-

structure temperature differences) as severe as the predicted Mach 8 flight

conditions. This was accomplished by undercooling the coolant flow routes.

Hot wall temperature results presented later in this Section were evaluated

from (1) a comparison of surface discolorations with Hastelloy X specimens

that had been subjected to a known time-at-temperature hlstoryj and (2) data

analysis based on measured flow route conditions. Hot wall-to-structure tem-

perature differences were calculated by transient heat transfer analysis in
the areas of surface discoloration. The discolorations indicate that tem-

peratures as high as 1860°R occurred on the nozzle or about lO00°R higher

locally than the Mach 8 prediction. This locally high temperature produced

a hot wall-to-structure AT of IO00°R compared to a maximum predicted Mach 8

AT of 950°R on the leading edge. At the outerbody outlet manifold_ _T's as
high as 1400°R were measured at lower hot skin temperatures.

The density-adjusted pressure drop was calculated for most of the engine

flow routes from measured hydrogen flow rates and inlet and outlet pressures
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TABLE 8.8-4

TRAILING EDGE FLOW ROUTE HEAT LOADS (TEST 42)_ (U)

Spike retraction from latched

position, in.

Captured hot gas flow rate, Ib/sec

WH2TOTAL, Ib/sec

WH2TRAILING EDGE' Ib/sec

WH2INJECTIONJ Ib/sec

x -- = QSINK' Btu/sec
M x Cm AB /AVG

WH2 x Cp x (ATH2) = Qc' Btu/sec

QAERO' Btu/sec

Run 54

2.90

12.4

0.257 +0.016

0.0089 ±0.0005

None

4.46

21.1

25.9

45.0

Run 56

2.89

12.5

0.225 ±0.009

0.0087 =0.0004

0.143 ±0.005

4.10

19.4

25. I

42.5

_Nominal tunnel reservoir total conditions, 1580 psia, 2700°R

QAERO = Qc + QSINK

whe re

ATml
= WH2 x Cp x (ATH2) + MC m _-8"-/AVG

M = estimated trailing edge structural mass = 45 Ib

C = metal specific heat = 0. I05 Btu/Ib-°R
m

Cp = hydrogen specific heat = 5.5 Btu/Ib-°R
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and temperatures. Results to be presented later in this Section are compared
wlth isothermal air results. The comparison of the hydrogen results with the

air results is only fair because the measured pressure drops were of similar
magnitude to the measurement uncertainty of the Individual inlet and outlet

pressure measurements. The coolant maldistribution_ WHAX/WMIN3 in the engine

flow routes was estimated as high as I.I0 on the spike. These estimates were
based on coolant control-thermocouple measurements around the flow route cir-
cumference. The maximum coolant maldistribution based on inlet and outlet

manifold pressure distributions during air tests was 1.033 on the leading edge
route.

8.8.5.3.2 Test Data

The steady-state cooling performance evaluation was based on the measure-

ments and test conditions of Test 413 Run 39 (3320 psia 3 3400°R tunnel reservoir

total conditions). This test run was at the maximum tunnel heating conditions

for the test program and was one of the few test runs where thermal steady-

state conditions were reached simultaneously on all flow routes. The hydrogen

inlet temperature was approximately 160°R. The maximum hot wail temperatures

and hot wail-to-structure temperature differences occurred during the thermal

cycle test runs where the engine flow routesj particularly the aft routes_ were

undercooled. These runs (Test 423 Run 14 to Test 423 Run 38) were performed

at 1380 psia_ 2700°R nominal tunnel reservoir total conditions_ and the engine

was inserted and withdrawn from the tunnel test section up to three times per
test run.

The data for the flow route pressure-drop results were obtained from test

runs at several tunnel total pressuresj hydrogen flows_ and both cryogenic

(I60°R) and room temperature (520°R) inlet hydrogen. Flow distribution results

were obtained from Test 41j Run 59 data. Data from Test 42_ Run 45 (2250 psia_

3000°R tunnel reservoir total conditions) were also used because steady-state

conditions were well established for this ll5-sec runj and more structural and

hydrogen temperature channels were recorded than during Test 41 runs. The 3-deg

angle-of-attack tests (Test 41j Runs 51_ 523 and 53 at 3350 psia_ 2700°R tunnel

reservoir total conditions) demonstrated the asymmetric heating effect as

measured by the coolant control thermocouples.

8.8.5.4 Transient Operation

8.8.5.4.1 Summary of Results

The transient behavior of the engine flow routes was investigated by

analytical methods and the results were correlated with experimental SAH data.

Basically_ the results indicate that the time required for the hydrogen outlet

temperature to reach steady state (when subjected to a step-change in hot gas

heating such as at engine starting) is inversely proportional to the flow route

hydrogen flow rate. The estimated time for the engine flow routes to reach

steady state at the Mach 8 flight condition is 8 sec as measured from spike

retraction and lightoff.

Undercooling of the flow routes produces higher than acceptable hot wall
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( temperatures and results in higher hot wall-to-structure _T's during transient

heatup than at steady state. Undercooling is defined as a hydrogen flow rate

less than would be required to maintain structural temperatures at or below

I600°R at steady state. For f]ight application_ then_ the design hydrogen

rates should be established at the onset of spike retraction and lightoff.

8.8.5.Z4.2 Test Data

Analytical transient results were correlated with flow route outlet tem-

peratures for Test 41_ Run 39. Since steady state was established on all flow

routes for this run_ both the end points of the analytical correlation (steady-
state hydrogen outlet temperatures) and the transient portion of the test could

be verified from the test data Data from Test 41j Runs 26 and 28 (2200 psia_
3000°R tunnel reservoir total conditions with room temperature inlet hydrogen)

provided a basis for the data analysis for the transient behavior of hot wall

temperature and hot wa11-to-structural temperature differences. Metal dis-

colorations on the nozzle and inner and outer shells were First observed dur-

ing these tests and were produced by the combined effect of locally high hot

gas heating and flow route undercooling.

8.8.5.5 Thermal Fatigue

8.8.5.5.1 Summary of Results

8.8.5.5.1.1 Test Objectives

The primary test objective for thermal fatigue was to impose controlled

thermal duty cycles that could be closely monitored during the test program.

This allowed direct evaluation of the fatigue damage in each test cycle. It

also provided data from the early runs to establish coolant flow ratesj test

cycle timing_ and sequencing, to effect the desired cumulative fatigue loading

during subsequent test runs. A specific test goal was to simulate the severity
of the Mach_ = 8 design conditions in as many areas as possible.

Thermal transient analysis was carried out for the various critical areas

in the engine. This analysis provided data for temperature-time histories in

the struts_ the outerbody outlet manifold_ strut and cowl leading edges_ and

several other large manifolds. The maximum thermal fatigue damage for the

intended test sequence was determined to be in the strut sides_ with a cal-

culated damage fraction of 0.428. The cumulative damage in the hot skin ad-

joining the outerbody outlet manifold (OBOM) was nearly the same. These were

found to be the two most critical areas in the engine.

A number of thermocouples had been placed on the OBOM and on the hot skin

at or near the OBOM. Although several thermocouples were installed within the

strut bodies_ the extremely low fins on the strut walls made it impractical

to install thermocouples on the hot skins that would have provided reliable

transient temperature data for the hot skins.

A further test objective was to discover problem areas not considered in

the design phase. One such problem-area example would be regions of intensified

heating due to shock interactions. Other possibilities would be inadequate
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cooling in local areas where there were interruptions in fln continuity.

An important objective of the S,'°@_tests was the evaluation of design

approaches used for the cooled structure. The construction and testing of a

complete structural prototype permits the effect of the interactions between

components under severe thermal loading to be evaluated in terms of structural

capability and survival.

8.8.5.5.1.2 Engine Critical Areas

Several of the most critical thermal fatigue areas are shown in Figure

8.8.-11.The first area depicted Is the hot skin ad_oining the outerbody outlet

manifold (OBOM). The coolant is at its highest temperature_ and this pro-

duces the hottest structural metal temperature in the outerbody. It is a

region of high heat flux 3 and the hot skin temperature achieves its peak value

at this location. Large temperature differences occur between the manifold

and the hot skin as a result of startup and shutdown transients.

The strut sides3 the strut socketsj and the strut leading edges are a11

crltical areas. The design of the strut cooling passages on the strut sides

involved the use of small (O.020-1n. high) plain fins; the strut body is

relatively massive to carry structural loads. Large thermal differentials

occur here during the tunnel testing due to transients_and produce significant

thermal fatigue damage. The strut leading edge Is subjected to stagnation-

line heating which leads to large AT from the strut body temperature. The

strut sockets are mechanically heavily loaded and restrained between heavy

stiffening rings. In tur% they constrain the inner and outer shells. Hot

gas flow between the strut and the sockets results in hlgh local temperatures

that can cause significant thermal loading on the joints In these areas.

Shock interaction effects lead to local areas of high heat fluxes and

occur in several places. One such area is the nozzle. This again creates

zones of high skin temperature and high AT values_ with resulting thermal

fatigue damage.

The cowl leading edge is a region of high stagnatlon-Iine heating. The

small leading edge radius of 0.030 In. results in a difficult cooling design

problem. Large differential temperatures between the leading edge stagnation

line and the cooler prime engine structure are produced at this location.

It was not possible to simulate or duplicate M = 8 differential tem-
peratures in a11 of these areas during the wind tunnel tests. Because of the

massiveness of the outerbody manlfoldj the hot-skin-to-cooled-structure AT

could be produced most easily In thls portion of the engine during the wind

tunnel tests. Heat fluxes on the strut leading edge and cowl leading edge,

and hence_ thermal fatigue damage_ were expected to be lower during the wind

tunnel tests than at M = 8 operating conditions.
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8.8.5.5.1.3 Outerbody Outlet Manifold Thermal Fatigue

The maximum shell AT at design conditions occurs at this location on the

engine. As indicated above, thermal transient analysis showed that this would
also be a critical area during the SAM wind tunnel tests. By adjustment in

cycle timing, this was made the governing test region for thermal fatigue. It
has also been noted that several thermocouples are installed on the OBOM and

hot skin at or near the most critical area. The desired AT transients were

obtained by timing of insertion and retraction sequences of the SAM engine dur-

ing the test runs, and adjustment of coolant flow rates.

Figure 8.8-12 shows a cross section of the OBOM and adjoining hot skin.

T67 (STA 50.4) ?HOT SKIN
_\\\\\\\\\\\\\\\\\\\_

"2(c.,:.)'i"i I" t"1 I I I ! I"!""2 I'r.
!Y//////////////////A

 OUTERBODY
/7"-_-_ OUTLET

52.0) -/
MANIFOLD

T79 (STA ;_
"-STA 52.11

3.

Figure 8.8-12. Outerbody Outlet Manifold Cross Section

Analysis of thermal data showed that thermocouple T67 (located at Station 50.4)

readings provided a direct measure of the maximum hot skin temperature at the

coolant outlet at Station 51.40. Similarly, T79, which was mounted at Station

52.00 on the O80M 3 provided a direct reading equal to the effective average

cold structural temperature at Station 52.11. Accordingly3 the differential

reading, T67-TT?, provided a direct time history recording for the applicable

AT. With these various data, it was a relatively straightforward procedure to

compute maximum differential expansion, maximum hot skin temperature dur|ng

each thermal fatigue cycle, and thermal fatigue damage fraction during each

cycle.

8.8.5.5.1.4 Summary of Results

Table 8.8-5 presents a summary of the 58 thermal fatigue cycles

applied to the engine at the OBOM. This table includes data from all of the

applicable runs, in which the last three tests were carried out with the engine

at an angle of attack of 3 deg to the tunnel centerllne. Two cycles during
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which the spike was not retracted (Test 41, Run 27 and Test /,2, Run 16) are not
counted.

The summary information is tabulated for the varying tunnel conditions

employed during the test program. The chart shows that maximum temperature

and AT generally Increased as the tunnel conditions were intensified. The

increased temperature conditions do not exactly increase in proportion to

tunne] conditions, since coolant flow rates and time of the mode] in the tunnel

stream also have an effect on the maximum metal temperatures and AT magnitudes.

The model accumulated a total of slightly under thirty minutes in the tun-

nel stream. The cumulative damage fraction was 49.0 percent, a slightly higher

value than the projected damage fraction of 43.8 percent on the strut, from the

analysis carried out prior to the wind tunnel tests. The damage fraction of

49.0 percent corresponds to 67 thermal duty cycles at M== = 8 design conditions.

There was no vislble evidence of thermal Fatigue damag% i.e., cracking and

leakage, anywhere on the engine surface at this time. In genera1_ the tests

have shown no basic weakness in the structural design concept for the HR_ from

the standpoint of thermal fatigue.

8.8.5.5.2 Test Data

8.8.5.5.2.1 Thermocouple Data Interpretation

For purposes of data reduction, the metal thermocouples T67 and T79 were

used to calculate the maximum hot wall temperature and maximum hot wall-to-

structure difference at the outerbody outlet manifold. T67 is a hot wall in-

sert thermocouple located at axial Station 50.4 (ref. coord.). This location

is one inch upstream of the leading edge flow route outlet where the maximum

hot wall temperature was expected to occur. To determine this maximum hot wall

temperature_ insert thermocouples T67 and T61 at axial Station 46.0 were cor-

rected as per the procedure in Appendix A. The corrected temperatures were

linearly extrapolated to the Flow route outlet at axial Station 51.40. Though

the trailing edge flow route also terminates at this location, the equivalent

hot wall temperature extrapolation from trailing edge insert thermocoupIes was

not included because these insert thermocouples showed temperatures which were

much lower for almost all test runs. From an inspection of several leading
edge insert thermocouple extrapolations, it was observed that the result was

from I0° to 30OR lower than the uncorrected T67 thermocouple reading, For

simplicity, then_ the recorded value of T67 less 20°R was used as the hot wall

temperature during the heatup portion of each test run. During the cooIdown

portion of the test cycle (intermediate or final withdrawal into the engine

pod), the recorded value of T67 alone was used because_ without hot gas heating,

the insert and hot wa]l temperatures are almost equal to each other and axial

temperature gradients are small.

Thermocouple T79 was used as the a_erage structural temperature of the

outerbody outlet manifold_and is located at the tlp of the manifold (farthest

away From the fins). Thermocouple T76 is also located on the manifold, but

near the O.060-in.-thick cold wal] of the hydrogen fin passage. For most tests
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T76 was no more than 50°R higher than T79 and was less than 30°R higher than

T79 at the time of maximum temperature difference. At most_ this would reduce

the hot wall-to-structure temperature difference by 15°R if the average of T76

and T79 were used. It is noted that T76 and T79 are located at 45 deg (CWLAI.

This angular location was expected to have the Fastest manifold temperature

response since the highest manifold hydrogen flow rate occurs here near the

tubes leading to the piggyback manifold. Because no other manifold temperatures

were recorded_ the interpretation of the average manifold temperature was biased

toward the slower-responding and measured structural temperature near the out-

let tubes_ i.e._ T79.

8.8.5.5.2.2 Metal Temperature-Time History

Figure 8.8-13 shows the metal temperature-time history For atypica] test

cyc]e For the outerbody outlet manifold. The data are For Test 42_ Run 38_
which involved two insertions and retractions of the model into and out of the
wind tunnel stream.

Room temperature hydrogen was used in the test run. At the start of the

test 3 the entire structure was approximately at RT. Immediately after insertion

into the hot gas stream 3 the hot skin temperature increased rapldiy; the cold

structure responded quite slowly. The maximum AT of 944°F occurred _ust prior
to model retraction_ and the peak hot skin metal temperature of 1599 R occurred

precisely at the tlme of retraction. AFter mode] retraction_ the hot skin

cooled down rapidly while the cold structure temperature continued to rise

s]owIy. The hot skin passed below the cold structure temperature_ resulting

in a AT reversal.

Upon reinsertion of the model into the stream_ the hot skin once again

increased in temperature. The cold structure temperature at this time was

substantially above room temperature. A relatively long time in the stream

was employed For this cycle. The maximum positive AT of 529°F took place well

before model retractionj and this positive AT was much lower than in the First

cycle. At the time of the second retractio% the cold structure was hotter

than at the First model retraction (approximately 1200°R vs 900°R). Upon re-

traction From the tunnel_ the hot skin rapidly cooled to RT_ and the cold

structure cooled more slowly. A AT reversal of 420°F was produced in the

second thermal cycle. Total AT For the first cycle was 970°F; for the second
cycle it was 975VF.

8.8.5.5.2.3 Temperature Data

The pertinent temperature data for all of the test runs has been provided

in Table 8.8-2. This table provides the total 6T_ i.e._ the sum of the posi-

tive and negative AT's_ the maximum metal temperature_ the total differential

expansion 3 and the Fatigue damage for each full thermal Fatigue cycle.
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8.8.5.6 Structural Performance

The engine structure was designed to be compatible with all the loads

occurring during the operation of the X-15A-2 aircraft. In addition to the

gust and maneuver loads acting on the aircraft, it was designed to withstand

the large internal loads due to inlet unstart. Symmetrical and asymmetrical

inlet unstart loads and the vibration qualification loads governed the design

of most parts of the engine. The design loads were described in Section 5.2.1.

The peak tunnel operating condition during the SAM tests produced a dynamic

pressure of 2010 psf (M = 7.06) during Test 41, Run 38. This exceeded the maxi-

mum dynamic pressure of 1770 psf that was originally planned for the testing,

but was still well within the structural capability in terms of total applied

design loads.

The structural load data was monitored and recorded utilizing the output

from 12 strain gages and four uniaxial and three triaxial accelerometers. The

strain gages were installed at locations (Figure 8.8-14a) where the temperatures

were sufficiently low to assure accurate functioning of these devices. Foil

gages were used to form full-strain bridges to increase sensitivity and to pro-

vide temperature compensation.

Strain bridges Sl through $7 were tested and calibrated after installation

inside the engine. The other gages were tested after installation on the par-

ticular part and prior to engine installation.

All test data were recorded on FM tape. The data were then digitized,

then printed out as stress, strain_ and force and/or moment versus time. In-

stantaneous values of the data were printed out at O.O5-sec intervals.

In order to be able to study the dynamic behavior of the engine structure_
a total of seven accelerometers were installed on the structure_ as shown in

Figure 8.8-14b. Of the sevenj four were uniaxial and three were triaxial,

Each accelerometer was assembled to a Kistler impedance converter, and

the combined units were calibrated prior to installation into the engine.

Maximum peak output voltage from each accelerometer was predicted upon a maxi-

mum of 20-g peak acceleration at each accelerometer. The data from all 13

channels were recorded on one FM tape having a frequency response from 5 to

IO_O00 Hz at a tape speed of 30 ips. The test data were tabulated at every

0.01 sec in terms of instantaneous "g" units. Further processing of the test

data produced acceleration plots; power spectra and histogram plots; and

printout, computed maximum, minimum, and mean values of the accelerations

utilizing the NASA-Langley Time Series Analysis Program. The data from the

various channels were intended to provide information regarding resonant fre-

quencies, mode shapes, and potential resonant amplifications.

8.8.5.6.1 External Reactions

The SAM was supported in the wind tunnel with the support frame and the

pylon facing down. Four strain gage bridges (SI23 SI3_ SI6, and SIT) measured

the external reaction components. The schematics of the support_ the measured

I(_ AIRESEARCH MANUFACTURING COMPANYL_ _,_lp_les. Ca_lom,a
UNCLASSIFIED 72-8237
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THRUST BLOCK --_

STRUT
NO. 1

HOUSING

--ACTUATOR

SUSPENSION FRAME MOUNT FLEXURES

a. STRAIN GAGE LOCATIONS

THRUST BLOCK

SUPPORT WEDGE

CARRIAGE PLATE

b. ACCELEROMETER LOCATIONS

HOUSING

ACTUATOR

AFT MOUNT FLEXURES

SUSPENSION FRAME

Z

S-72560

Figure 8.8-14. Strain Gage and Accelerometer Locations
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reaction components_ and the resultant load are shown in Figure 8,8-15. It
was assumed that the resultant of the external loads intersected the center-
line of the engine.

The mounting of the SAM is a modified version of the HRE mounting which
was designed to attach the engine to the X-ISA-2 aircraft and was described in

Section 5.5.8. A simplified isometric drawing of the mounting frame_ and tabu-

lation of the maximum mounting loads is shown in Figure 8.8-16.

Data from the following runs was analyzed to determine applied structural

loads_ steady-state stresses_ and dynamic loads.

Test 41 (No hydrogen injection) Test 42 (Hydrogen iniection )

Run 7 Run 3

13 14

20 15

25 17

28 19
37 45

40 46

42 47
53

Maximum axial (RxF) _ vertical (RzF) reactions measured at the front support_

and maximum and minimum vertical reactions measured at the aft supports during
the studied runs are included in Table 8.8-6. These values did not occur

simultaneously.

8.8.5.6.2 Spike-Actuator Loads

The inlet spike, a long (55.16 in.) and light shell structure, is attached

to the forward flange of the actuator. The actuator provides the means of

stroking the spike over a distance of 5 in. and also provides the structural

support for the spike as shown in Figure 8.8-17. The front end of the actuator

attaches to the sliding cylinder of the support structure by means of a pinned_
self-allgning_ spherical bearing. In turn_ this bearing is attached to the

actuator piston. At the aft end_ the actuator cylinder is attached to the

structural housing with a universal connection to eliminate side loads. The

bearings between the inner and outer structural cylinders are made of bonded

Fabroid (a woven fabric of fiberglass and Teflon). The deformation and dynamic

behavior of this complex structure were important to the engine design. To

provide for verification of design and monitoring_ a total of eight strain

gage bridges were installed on the spikej the actuator housing_ and on the

actuator attachment. Two identical bridgesj SI8 and S19_ were intended to

measure the net load (PI8) at the aft end of the actuator. Only S18 data re-

cordings were utilized because S19 became inoperative during the first runs.

8.8.5.0.2.1 Actuator Load vs Time

The most significant loads were expected to occur during model insertion_

_ AIRESEARCH MANUFACTURING COMPANYs...L.,_,,_.c..,_.,w,UNCLASSIFIED 72-8237
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Figure 8.8-15. SAM External Reactions
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TABLE 8.8-6

SAN EXTERNAL REACTIONS

Test

&l

42

MInlmum Flexure (AFt) Reactions Maximum Flexure (Aft) Reactions

Run Tt_, sac PXF (515) PZ;_(512) PiL_ 2PZt. The, e, $oc PXF (313)

i

7 37.3 1005 569 195 390 65.89 2468

7 37.55 1005 401 420 860 69.8& 246&

13 &1.64 909 356 171 342 58.99 481

13 41.69 930 337 567 73_ 41.64 909

20 45.19 679 421 -84 -168 86.39 844

20 &5. I& 319 i6,3 455 910 86.44 650

26 41.99 2786 750 233 &66 69.74 1635

26 42.29 2798 860 765 15.30 49. &9 1588

28 29,89 1221 85 -73 -146 63.49 1639

28 29.54 J179 62 502 1004 64.54 1298

37 31.29 3379 1235 -77 *IS& 86.79 375

37 29.94 2741 1118 12_9 2476 88.99 1631

38 26.34 3164 I 114 -8 -16 47.84 216

38 Z7,4& 4015 1268 1456 2912 47.49 1388

60 23.69 2004 922 3 6 86.14 549

40 2&.._1. 2301 1028 1469 2918 86,39 9184

42 23,59 2678 1064 -212 -424 63.64 &03

42 23.69 2742 1163 1070 2140 6,5.59 323

3 26.15 517 203 3 6 69.14 1127

3 23.85 454 213 461 922 71, I& | 139

14 81.28 1469 1749 369 738 80.78 165l

14 83.68 6,31 1638 1026 2032 79.68 1563

16 93.39 461 420 -461 -922 95.26 1666

16 69.39 906 124 414 828 95.34 615

17 3i .9& 1363 258 3 I0 102.64 1138

17 31.49 1132 251 613 1226 I01.6di 1483

19 29.39 1117 279 -215 -430 49.79 2278

19 29.64 1140 263 &05 8i0 50.94 1449

45 25.26 1914 873 -236 -472 140.19 610

&3 25.99 2243 1007 1307 2614 140.19 610

46 27.24 3_7 1268 -284 _ 61. 89 1577

4.6 26.04 1149 3004 1117 2254 60.69 170

&7 25.49 1301 3541 -255 -_06 24.69 2999

47 25.59 1554 5424 I10_ 2208 55.64 1067

Front Support ° Naxlmum Axial _4tac_lons

&l ? 2055 876 738 1476 69.79 2123

13 1298 401 &35 870 48.24 1319

20 1585 I101 819 1638 86°04 I_80

26 2960 860 804 1608 43.49 5129

28 2355 218 602 120& 33.89 2744

37 2726 1183 1321 2642 31.34 5072

40 2215 1226 1_52 3064 26.49 4716

42" 2_dl3 1408 1241 24JI2 25.04 4432

_3 4693 3085 I176 2552 47.19 $25i

42 3 1399 578 &TI 9_2 31.2 1634

I& 281 1393 IIII 2222 81.08 1268

16 1743 215 &60 920 54.89 2673

17 1930 _34J 730 1660 56.69 2023

19 1990 607 770 1540 _0.14 2001

43 2052 1047 1332 2666 28.24 3951

46 298;, i288 1209 24i8 27.59

47 1788 1479 1590 3J96 53.89 3763

CONFIDENTIAL
_ AIRESIEARCH MANUFACTURING COMPANYLm/vqpm, Caiamu

PZ'l _ ZPZ_ Stra;n

PZF_(SI2) PZL _ 2PzL Gage .o.

959 542 1086 16

1042 757 1514 17

478 267 53& 16

356 468 936 J7

l&21 399 798 16

IlOi 883 1766 17

1029 404 808 16

1206 956 t 916 17

835 565 li30 16

1004 I159 2278 17

2405 307 614 i6

179& 1946 3880 17

1386 308 6i6 16

975 1925 3846 17

2847 &94 988 I6

2616 2007 &0l& 17

2525 2&O 480 16

2591 1703 5406 17

918 _58 736 16

946 778 IS56 17

1522 466 932 16

1789 1417 2854 17

IOO& 151 262 16

957 t423 28_6 17

1954 597 1194 16

1836 1294 2588 ;7

743 183 366 16

1081 838 1676 17

&096 E_ 143& 16

4096 23L_ J 4630 17

t7_ 222 644 16

2075 1747 3494 17

1254 -256 -512 16

1764 1712 5424 i7

S- 72686
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spike retraction_ and spike extension. A typical force-time history measured

at the aft end of the actuator is shown in Figure 8.8-18. The steady-state

condition between spike retraction and extension is not shown_ as indicated

by the discontinuity of the time scale on the diagram.

The following forces are marked in this figure and tabulated in Table

8.8-7.

Load before model inserted into tunnel

Load before spike is retracted

Load after spike is retracted 0.25 to 0.35 in.

Maximum load during spike retraction

Average load between spike retraction and
extension

Minimum load during spike extension

Load after spike is extended

Load after model ejected from tunnel

P
I

P2

P3

P4

P5

P6

P7

P8

The pattern of the load variation was quite uniform throughout each test and

similar to Figure 8.8-18.

8.8.5.6.2.2 Load Variations Due to Spike Position

The load measured at the aft end of the actuator as the spike was re-

tracted or extended is tabulated in Table 8.8-8. Because the extension of

the spike was much faster than the retraction_ fewer data points were recorded

during the O.O5-sec intervals used for data printout.

The governing load condition for the actuator design was the symmetrical

inlet unstart case. This design condition and the corresponding load envelope

measured during the test are shown in Figure 8.8-19. The loads recorded during

the test are considerably less than the design loads 3 which were based upon a

symmetrical unstart condition. No inlet unstart occurred for any of the tests.

8.8.5.6.3 Steady-State Stresses

The recorded strain gage signal was converted into digital form and the

corresponding stress was calculated and printed out directly. Strain gage

placement was limited by the accessibility of the structure and the operating

temperature of the metal. It was known in advance that stresses during normal

tunnel and SAM operation would be substantially lower than the design values

for the flight environment. All gages selected were_ neverthelessj based on

the higher stresses and loads in order to ensure adequate data under conditions

of abnormal operation. Some strain gages were mounted on very stiff members

(actuator legs) where deflection criteria limited the original design_ and the

design stresses were very low.
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Test

41

42

Run 0

7 1212

13 1102

20 1795

26 1965

28 1821

37 1746

38 1622

3 1321

14 _ Not

16 1488

17 1504

19 1692

45 1663

TABLE 8.8-7

FORCE AT AFT END OF ACTUATOR (U)

@
1233

1102

1635

1603

1507

1380

1173

1321

Appli

1470

@
1607

1837

2186

2231

2111

1981

1878

2223

cable -

,l----No

© @
1855 I133

2188 1532

2484 1738

2219 1235

2353 1700

2194 1298

2049 1109

2617 1691

1235

Spike Extension

®
-165

106

372

-III

249

19

-162

257

-250

@
1223

1204

1738

1314

1337

1107

970

1633

1377

1409

1681

1024

2074

2286

1620

2478

2725

1961

1765

1835

1524

268

399

556

1647

1776

Io66

1122

1147

1876

1265

1724

1640

1526

1205

1389

v

1837

1989

AIRESEARCH MANUFACTURING COMPANY
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Test

41

42

Run

7

7

13

13

2O

2O

26

26

28

28

37

37

38

38

3

3

14

14

17

17

19

19

45

45

CONFIDENTIAL
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TABLE 8.8-8

VARIATION OF ACTUATOR LOADS DURING SPIKE MOVEMENTS

Maximum

Spike
Retraction 0.0

2.80 1223

2.89 1102

2.86 1612

1738

1.70 1615

1289

2.87 1482

1337

2.92 1330

2.92 1194

1034

2.89 1344

1633

2.89 Mode]

1377

2.90 1409

1670

2.92 1692

1692

2.90 1024

Spike Movement. in.

0.25 0.5 0.75 I.O 1.5

1225 1528 1528 1596 1697

1020 I 178

1837 1780 1780 1850 19t6

140 350

2186 2071 2071 2094

521 636

2074 2014 2074

988 1181

1990 1978 2063

539

1810 1799

254

1643 1643

77 30

2177 2258

384 477

into tunnel wi

1809

IO

1773

273

1981 1831

19 104

1171 1686

19 141

2154 2108

257 317

was elevated

25O

2OI5 1967

292

2286 2238

482

1620 1535

619

61

2098

2262

636

1514

949

2146

684

2369

767

1492

1471

2197

888

2183

1217

2075

696
1

1767

478

1611

1034

2351

604

th spike

163

2241

1742

2452

1823

1663

1524

2.0

1787

2018

1543

2254

1749

2268

1750

1874

1320

1686

853

2374

1680

retracted

1447

NOTE: Numbers In upper row of each run represent loads during spike
retraction. Numbers in the next lower row are loads during
spike extension.
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Maximum stresses were expected due to inlet unstart 3 which did not occur

during the tests. A tunnel flow breakdown occurred as the SAM was being re-

tracted during Test 423 Run 453 and resulted in higher than normal load for

these conditions. Figure 8.8-16 also shows the effect of this flow breakdown.

Maximum stress recorded on each strain gage 3 the test 3 and run when it occurred

is shown in Table 8.8-9. The tensile yield strength of the materials at 600°F
is shown for reference.

TABLE 8.8-9

MAXZMUMSTRESSES(U)

Strain

Gage
No.

I

2

3

5

6

7

12

13

16

17

18

19

Maximum Stress3

psi

8j698

113466

13168

23235

23528

I 3086

33 534

203 503

63892

143 758

73524

163112

When

Occurred

Material

Hastelloy X

Hastelloy X

Hastelloy X

4330 steel

4330 steel

4350 steel

17-4 PH

17-4 PH

Inconel 718

Incone] 718

4330 steel

4330 steel

Test Run

41 53

41 53

41 5

42 45

41 53

42 45

42 45

41 53

41 53

42 45

42 19

41 5

Tensile Yield

Strength at 600°F3

psi

563000

363000

36_000

1473000

1473000

1473000

1593000

1593000

1593000

1593000

1473000

1473000

8.8.5.6.4 Dynamic Loads

The following nine runs were selected for the study of accelerometer data:

Test 41, Run 7 Test 42_ Run 3
13 14

17 16
26 17

28

AIRESEARCH MANUFACTURING COMPANY
Lm,Ae,lm,_,, _

CONFIDENTIAL
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No useful data was obtained after Test 42_ Run 43_ apparently due to a coolant
leak from the spike outlet bellows which rendered most accelerometers inopera-
tive,

The maximum negative and positive instantaneous "g" levels of the runs
studied are shown in Table 8,8-10, The selectlon of the runs was based on

increasing total tunnel pressure level, The maximum "g" values shown in the

table represent extremely short duration peaks in the data. With the excep-

tion of a single data point_ these responses were all below the design response
limit.

TABLE 8.8-10

MAXIMUM INSTANTANEOUS ACCELERATIONS(U)

Axis Gage Maximum g Design

Z A7

A6

A3

AI

A5

A7

A6

A2

A5

A4

A7

A6

A3

19.04

4.00

8.23

4.46

II .30

'14.61

2.20

13.7

5.45

7.67

7.89

5,89

8,32

-I 2.60

- .3.75

-4.19

- 4.01

-26.50

-16.67

- 6.66

- 3.02

- 5.08

- 3.33

-9.69

-5.29

-3.45

Input 3.0 g

Response 20 g

Acceleration-time plots of the above-mentioned runs were prepared for the

periods of the tests when significant changes of model position or geometry

_ AIRESEARCH MANUFACTURING COMPANY
L_ Anile _. C_h_mla
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were made. These plots represent wide-band random vibration. The most import-

ant parameters representing such vibration are the power density spectra and

the magnitude-probability distribution. The power density spectra is a pre-
sentation of the dynamic excitationj indicating the distribution of vibration
energy throughout the frequency range. For wide-band random vibration the

vibration energy is distributed throughout the entire frequency rangex and the
power density is a continuous spectrum of frequency. Sharp peaks at discrete

frequencies indicate that the vibration is composed of discrete frequency vi-

brations superimposed upon random vibration. Such combined spectrum is repre-
sentative of random environmental vibration excitation that includes the effects

of structural resonances contributed by structural members in the load trans-
mission path.

The NASA-Langley "Time Series Analysis Program" used the histogram tech-

nique for the estimation of probability densities. If the shape of the proba-

bility-density function of the data is not known 3 then the use of the histogram

technique gives this shape_ and from this a smooth probability distribution can

be generated. Additional parameters for checking the form of the probability

function and accuracy were calculated by the methods described in the Operation

Manual of the above-mentioned NASA-Langley Program.

8.8.5.6.4.1 Forcincj Functions

It was known well before the beginning of the tests that a 27- to 30-Hz

vibration existed due to the tunnel combustor operation. Review of the data

revealed no structural resonance either to this frequency or multiples of this

frequency. No other sinusoidal forcing function was detected during testing.

8.8.5.0._.2 Acceleration Levels

Acceleration-time history plots were the basic dynamic data recorded

during testing and used as a basis for data reduction. Accelerometer A7X is

attached to the model support carriage and it showed higher instantaneous

accelerations than A4X_ which is attached to the spike cone. The instantaneous

acceleration levels were quite low throughout the recorded tests. More mean-

ingful information of the vibration level is shown on the power spectra and

the magnitude-probability distributionj the histogram. Test 42_ Run 19_ accel-

erometer time history, power spectra 3 and histogram are shown in Figure 8.8-20

to show the relation between these functions. The acceleration-time history

again indicates quite low instantaneous accelerations representing a wide-band

random function. The power spectra shows a high peak at 3 Hz for most tests_

including this one. This peak is the result of a peculiarity in computing

and has no significance. Data plots of the other runs also indicated low

vibration levels; thereforej only the rms magnitudes, mean values, and features
indicating the probability distribution in an abbreviated form were tabulated.

The total rms magnitude of a wide-band random vibration F(t) is given by:

T dT
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When dealing with the statistical properties of random vibration_ the rms

magnitude Frm s is called the standard deviation_ defined

as a = (xi - R)
c= I

A tabulation of the standard deviation for the nine runs studied as shown in

Table 8.8-II. Of the I17 values shown in this table 3 only 29 are above 1.0 g;

the maximum being 5._8 g.

8.8.5.6._.3 Responses

Several components of the engines are quite rigid elements. The vibration

analysis indicated that the lowest natural frequency of the most flexible assem-

bly--the splke-actuator/strut unit--is about 140 Hz_ a fairly high frequency.

It was felt that this assembly would be the only component that would be excited

at its own natural frequency. The dynamic response of the engine as a unit

would essentially be that of a rigid body.

To verify the behavior of the structure and correlate the acceleratlon

level between various parts 3 instantaneous acceleration readings in the X_ Y_

and Z directions were plotted_ and the X-directional acceleration-time history

is shown in Figure 8.8-21. The time interval selected was with the model in

the tunnel_ but the spike not yet retracted. In the X- (fore- and aft-) direc-

tion 3 the three accelerometers which are attached to the actuator and the spike

(A2X_ A3X_ A_X) show the highest acceleration level. Substantially lower in-
stantaneous acceleration levels were recorded on the thrust block tA6X) and the

carriage plate (A7X). In the Y-direction_ very low acceleration was measured

inside the engine (A3Y). This was somewhat amplified at the thrust block level

(A6Y) and a considerably lower acceleration level was recorded at the carriage

plate. Z-directional (vertical) acceleration displays similar behavior to that

in the X-direction.

Studies of other time periods--elevation of model Into the tunnel, spike

retraction and extension_ and lowering of the model--revealed similar patterns 3

indicating that substantial structural damping exists. This conclusion is

further supported by the instantaneous maximum and rms accelerations.

8.8.6 Concluslons

The primary objective of the SAM wind tunnel tests was to evaluate the

flight-designed, regenerativeIy-cooled structure of the HRE in a realistic

environment. This has been accomplished. It was possible_ in particular_

to subject the structure to severe thermal loading. The cooled structure

performed well_ both in terms of its design requirements and in terms of its

ability to survive under the imposed loads. Test results presented in thls

report show performance that is generally in good agreement with design pre-

dictions. From the structures point of view_ the results indicate that the
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! basic design concepts and approaches used in the HRE are valid. The cooled

structure proved to be rugged and capab]e of sustaining considerable abuse

without degradation of performance. Some specific results are summarized
below.

8.8.6.1 Thermal Performance

Heat transfer data reduction and analyses were directed toward (I) cor-

relation of test hydrogen heat loads with heat loads and fluxes calculated

from the measured aerodynamic test conditions and the flight design analytical

methods; (2) evaluation of the steady-state cooling performance in terms of

metal temperatures, temperature differences, hydrogen coolant usage, pressure

drop, and flow distribution; and (3) evaluation of the transient response of

the engine in terms of hydrogen coolant, metal temperatures, and metal tem-
perature differences.

8.8.6.1.1 Aerodynamic Heatin9

The flight design heat transfer calculation method (flat-plate method

with Eckert's reference enthalpy technique for hot gas property evaluation),

when used in conjunction with the test pressure distribution and the one-

dimensional flow solution, predicted heat fluxes to within ±20 percent over

most surfaces of the engine. Based on this good agreement, the heat load

level of I0 800 Btu/sec and hydrogen coolant requirement of 2.19 lb/sec (at

lO0°R inletl predicted for Hach 8 flight conditions is realistic.

The correlation of heat loads d|d not include the effect of combustion.

Although outlet hydrogen coolant was injected into the captured hot gas stream,
no hydrogen combustion was expected in the methane/air combustion products and
none was detected in test heat loads.

Localized heating occurred in the engine combustor and nozzle sections

during testing. When interpreted in terms of local aerodynamic conditions,
the relative intensity of the local heating during flight will be less than

encountered during testing. Hydrogen coolant increases are not expected to be

required for cooling of these areas of localized heating.

8.8.6.1.2 Coolin.cj Performance

Steady-state hot wall temperatures were maintained at or below acceptable

design limits at the most severe tunnel heating conditions. Though test heat

flux levels were lower than defined for Mach 8 design flight conditions_ good
agreement (±50°R) was achieved between test hot wall temperatures and temper-

atures predicted for the hot wall at these lower heat flux levels. During
the thermal cycle tests, the engine structure was subjected to a thermal en-

vironment (hot wall temperatures and hot wall-to-structure temperature dif-
ferences) as severe as the predicted Mach 8 flight conditions. This was ac-

complished by undercooling the hydrogen flow routes. Undercooling produced

a nozzle temperature that was about IO00°R 1oca11_ higher than the Mach 8
prediction and a hot wall-to-structure 6T of I000 R. The maximum plate-fin

panel AT at Mach 8 flight conditions is 950°R on the leading edge. In the
area of the outerbody outlet manifold, 6T's ranged to 1400°R. The SAM satis-

factorily survived these conditions. Cooling performance of the leading edge
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during the test program was also satisfactory. There was no evidence of over-

heating even though foreign object damage created dents and hydrogen leakage
holes in the hot surface.

Test results of flow route density-adjusted pressure drop were in falr

agreement with isothermal air calibration test results. Scatter is ascribed

to test measurement uncertainties rather than to differences in hydrogen and

air test conditions. The coolant maIdistribution 2 WMAX/WMIN, in the engine

flow routes was estimated as high as I.I0 on the spike_ as measured by tem-

perature distributions obtained from coolant control thermocouples. This
caused no apparent problems in the tests. The maximum coolant maldistributions

based on inlet and outlet manifold pressure distributions during isothermal
air calibration tests was 1.033 on the leading edge route.

8.8.6. I.3 Transient Operation

The transient behavior of the engine flow routes was investigated by

analytical methods and the results were correlated with experimental data.

Basically_ the time required for the hydrogen outlet temperature to reach

steady state (when subjected to a step change in hot gas heating) is inversely

proportional to the hydrogen flow rate. The estimated time for all engine

flow routes to reach steady state at the Mach 8 flight conditions is 8 sec if

the design flow rates are established at startup (onset of spike retraction
and iightoff).

In addition to producing higher-than design hot wall temperatures_ under-

cooling the flow routes (hydrogen flows less than operational requirements)

will produce higher hot wall-to-structure AT's during transient heating than

at steady state. To avoid larger-than-steady-state AT's at the Mach 8 flight

conditions_ the design hydrogen flow rates must again be established at the

onset of spike retraction and Iightoff.

8.8.6.2 Thermal Fatigue

At the Mach 8 design point 3 the design life of the engine was computed to

be 136 cycles. The engine design objective was to produce a design life of I00

operating cycles at these conditions_ which was based upon a maximum hot skin
metal temperature of 1600°F and a AT of 800°F between the hot skin and the

prime structure. The SAM test program exposed the engine to 58 thermal cycles

of varying temperature differentials and maximum hot skin metal temperaturesj

resulting in a computed fatigue damage fraction of 49.0 percent in the area of

the outerbody outlet manifold. This damage fraction corresponds to 0.49 x 136 =

67 engine operating cycles at the Mach 8 design point.

Upon completion of the test programj the engine showed no visible evidence

of thermal fatigue damage_ i.e._ cracking or leakage anywhere on the hot skin.

Local distortion occurred on the nozzle due to local shock interaction effects

and undercoollng but this did not lead to failure in the hot skin. Calculations

for thermal fatigue damage were also carried out for the hot skin at the flange

ioint connecting the leading edge to the outerbody. The accumulated damage for
the five runs used in the analysis was some 30 percent lower than at the OBOH
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--_
station for the same runs and is_ generallys expected to have been less than at
the OBOM.

The earlier work on mechanical bend tests and thermal cycle tests clearly

demonstrated that thermal fatigue was a major problem area in the design of
the HRE. The SAM test program demonstrated that the selection of Hastelloy X
and the Palnlro braze alloys was a sound one for the design.

8.8.6.3 Applied Loads

The test results indicate that the static and dynamic loads were below the

design level. This resulted from much lower inertia load and vibration levels

during tunnel testing. In addition s no inlet unstarts_ which form a significant
part of the internal design loadsj were encountered in the tests. The struc-

ture was able to satisfactorily carry all of the applied test loads.

The only forcing function known in advance--a 27- to 30-Hz vibration due

to tunnel combustor operation--created no resonance in the structure. Instead

of amplification s substantial structural damping was experienced during the

SAM tests. Vibration data reduction results show that the calculated natural

frequencies were not excited s presumably due to lack of forcing function in

that frequency. The low level wide-band random vibration recorded during the
test had no resemblance to a Gausslan distribution.

8.8.6.4 Structural Performance

Damage sustained in various areas of the cooled structure indicates no

problems so far as the basic design is concerned. A leak in the spike cool-

ant outlet bellows and bolt damage at the outerbody flanges howevers re-

quire review of the design in these areas. Solution of the spike-bellows prob-

lem is possible in a direct way by reducing bellows stroke/length. The outer-

body flange damage appears to have had several causes. The design can be up-

graded with the addition of high-strength bolting. This will insure that the

performance of this area is compatible with that of the rest of the structure.

When the tests were terminated due to the damage at the outerbody flange area s

the cooled structure was still capable of performing at its design conditions.

\
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